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CHIYOJI  OHKUBO 
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Abstract 

The  speaker  reviews  the  importance  of  studying  the  effects  of  electromagnetic  fields  on  microcirculatory  system, 
especially  in  respect  of  possibility  that  vasculature  may  have  direct  and  indirect  role  in  interaction  of  static 
magnetic  fields.  It  outlines  the  physiological  importance  of  microcirculation  and  relatively  new  methods  of 
evaluation  technique  in  vivo  and  explains  in  details  the  local  and/or  whole  body  exposure  effects  of  static 
magnetic  field  with  range  of  0.3-180  mT,  power  frequency  electromagnetic  fields  with  range  of  0.1-30  mT  and 
microwaves  at  1.5  GHz  with  range  0.08  -  8  W/kg  brain  average  SARs  on  microcirculatory  systems  in  different 
tissues  in  experimental  animals. 

Introduction 

The  circulatory  system  is  the  transport  system  of  the  organism  that  supplies  Oj,  ions,  hormones,  and  substances 
absorbed  from  the  gastrointestinal  tract  to  the  tissues,  and  returns  CO2  to  the  lungs  and  other  products  of 
metabolism  to  the  liver  and  kidneys.  It  also  has  a  central  role  in  the  regulation  of  body  temperature,  and  the 
distribution  of  the  hormones  and  other  agents  that  regulate  tissue  and  cell  function.  The  principal  function  of 
microcirculation  is  exchanging  physiological  substances  between  blood  and  tissues,  and  the  compensatory 
adjustments  should  contribute  to  the  efficacy  of  the  exchange  process:  lumen  dimensions,  length,  tortuosity, 
diameter  of  branch  ratios,  vascular  density,  wall  thickness,  vessel  diameter  (vasomotion),  blood  flow  velocity, 
blood  viscosity,  intramicrovascular  hematocrit,  leukocyte-endothelial  cell  interaction  and  others. 

Microcirculation  consists  of  structurally  and  functionally  differentiated  small  blood  vessels:  small  muscular 
arteries,  arterioles,  metarterioles,  capillaries,  postcapillary  venules,  venules,  and  lymphatic  capillaries.  In  the 
cutaneous  microvascular  beds,  the  connection  between  the  arterioles  and  the  venules  is  made  by  some 
thoroughfare  channels  including  capillaries  or  arteriolar-venular  shunts.  In  most  vascular  beds,  the  precapillary 
resistance  vessels  are  responsible  for  the  largest  function  of  the  resistance  in  a  vascular  bed,  and  hence  are  the 
major  components  that  influence  regional  hemodynamics  and  total  peripheral  resistance.  Smooth  muscle  cells 
are  found  in  all  of  these  except  the  blood  capillaries  and  lymphatic  capillaries.  The  blood  capillary  wall  is 
composed  of  a  single  layer  of  endothelial  cells.  The  lymphatic  capillaries  are  composed  of  endothelium-lined 
vessels  similar  to  blood  capillaries.  Fluid  and  protein  that  have  extravasated  from  the  blood  capillaries  partially 
enter  the  lymphatic  capillaries  and  are  transported  via  the  lymphatic  system  back  to  the  blood  vascular  system. 
Postcapillary  venules  play  an  important  role  in  fluid  and  cellular  exchange  and  are  the  major  site  of  leukocyte 
migration  into  tissue  spaces. 

Rhythmical  and  spontaneous  changes  in  both  the  diameter  of  arterioles  and  the  volume  and  velocity  of  blood 
flow  due  to  constriction  and  dilation  of  the  vascular  smooth  muscle  are  known  as  vasomotion  (1).  The 
quantitative  description  of  spontaneous  arteriolar  vasomotion  requires  data  on  frequency,  amplitude,  diameter, 
and  branching  order  of  the  vessels  observed.  Fluid  absorbed  into  lymphatic  capillaries  is  passively  transported 
through  dynamic  changes  due  to  arteriolar  vasomotion  in  cutaneous  tissue.  Frequency  and  amplitude  of 
spontaneous  vasomotion  could  play  an  important  role  in  disease.  In  microangiopathies,  lymphedema,  and 
essential  hypertension,  altered  patterns  of  arteriolar  vasomotion  could  constitute  an  additional  pathogenetic 
factor  (2).  Extracellular  control  of  the  smooth  muscle  cells  is  exerted  through  neurogenic,  hormonal,  local  and 
myogenic  mechanisms  (3). 

For  evaluating  EMF  exposure  effects  on  microcirculatory  system,  various  microcirculatory  preparations,  e.g., 
rabbit  ear  chamber  (REC)  (4),  dorsal  skin  fold  chamber  (DSC)  in  mice  (5)  and  cranial  window  (CW)  in  mice  and 
rats  (6-7),  have  been  used  to  observe  and  analyze  microcirculation  in  our  group.  These  preparations  allow  non- 
invasive,  continuous  measurement  of  hemodynamics,  blood  velocity,  angiogenesis,  metabolites,  e.g.,  pH  and 
p02,  transport  of  molecules  and  particles,  and  cell  to  cell  interactions  in  vivo  (8). 

Static  fields 

The  REC  offers  the  advantage  of  superior  optical  quality.  Due  to  the  longer  duration  of  an  individual 
measurement,  we  have  exclusively  utilized  REC  to  investigate  the  effects  of  SMFs  on  microcirculation  using 
microphotoelectric  plethysmography  (MPPG)  monitoring  system.  REC  is  a  round-table  chamber  made  of  acryl 
resin  for  disk  with  an  observing  table  and  three  holding  pillars,  a  sustaining  ring,  and  a  glass  window.  The 
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methods  for  installation  of  REC  and  its  availability  to  the  bioelectromagnetic  research  have  been  published  in 
detail  (9-12).  Blood  Pressures  (BPs)  in  a  central  artery  contralateral  to  that  of  an  ear  lobe  having  the  REC,  fixed 
on  the  stage  of  the  microscope,  were  monitored  by  a  BP  monitoring  system. 

1.  Local  exposure  on  the  ear  lobe  to  SMF  (1.0  mT,  10  min)  in  conscious  rabbits 

Experimental  Procedures:  The  SMF  of  1.0  mT  were  generated  by  a  C-shaped  electromagnet  device.  An  animal 
set  on  the  observing  stage  of  a  microscope,  laid  prone  in  a  holder  without  anesthesia.  An  intact  central  artery  of 
the  ear  lobe  fixed  on  an  observing  stage  of  the  microscope  was  applied  to  analyzing  the  temporal  changes  of 
microcirculation  in  MPPG  monitoring  system.  Two  experimental  procedures  were  randomly  categorized:  (1) 
sham  exposure  (CTL)  and  SMF  exposure  (SMF).  MPPG  profiles  including  DC  levels  and  amplitudes  of  MPPG 
and/or  BPs  just  before  (pre-)  exposure  were  compared  with  those  during  exposure  and  post-exposure. 

Results:  SMFs  had  a  biphasic  effect  upon  the  microcirculatory  system;  when  the  vascular  tone  was  low,  the  SMF 
induced  vasoconstriction,  and  when  it  was  high,  the  SMF  induced  vasodilation  (9). 

2.  Whole-body  exposure  to  SMF  (5.5  mT,  30  min)  in  conscious  rabbits 

Experimental  Procedures:  The  SMFs  of  5.5  mT  (Bmax)  were  generated  by  a  doughnut-shaped  annular 
electromagnet  device.  A  rabbit  in  a  holder  was  placed  into  the  annular  electromagnets.  The  measured  magnetic 
flux  densities  were  5. 0-5. 5  mT  in  the  trunk,  0. 5-4.0  mT  in  the  head,  1. 0-4.0  mT  in  the  throat,  and<1.0  mT  in  the 
ear  lobe,  respectively.  Two  experimental  procedures  were  randomly  categorized:  sham  exposure  (CTL)  and  SMF 
exposure  (SMF).  These  values  pre-exposure  were  compared  with  those  during  exposure  and  post-exposure. 
Results:  Comparing  SMF  with  CTL,  there  were  no  significant  changes  in  MPPG  values  throughout  the 
experiment.  For  BPs,  comparing  SMF  with  CTL,  there  were  no  significant  changes  throughout  the  experimental 
period  (13). 

3.  Local  exposure  on  the  ear  lobe  to  SMF  (1.0  mT,  10  min)  in  pharmacologically  treated  rabbits  with  REC 

This  study  is  attempted  to  demonstrate  the  vasoconstrictor  effect  as  well  as  the  vasodilating  effect  by  local 
exposure  on  the  cutaneous  microcirculation  within  a  REC  under  pharmacologically  modified  vascular  tone. 
Based  on  the  hypothesized  effects,  nor-adrenaline  (NA)  and  acetylcholine  (ACh)  were  chosen  to  enhance  and 
reduce  the  vascular  tone  pharmacologically. 

Experimental  Procedures:  Cutaneous  microcirculation  of  REC  exposed  to  SMF  was  studied  under 
pharmacological  treatment  using  MPPG  method.  NA  and  ACh  were  used  for  increase  sympathetically  and 
decrease  parasympathetically  in  vascular  tone,  respectively. 

Results:  The  temporal  changes  of  MPPG  profiles  during  and  after  exposure  were  quantitatively  analyzed.  In  NA 
group,  the  vasoconstriction  with  reduced  vasomotion  was  observed  throughout  the  experimental  period.  In 
NA+SMF  group,  the  vasoconstrictor  effects  with  reduced  vasomotion  followed  by  NA  infusion  were 
significantly  reduced.  In  contrast,  in  ACh  group,  the  vasodilation  with  increased  vasomotion  was  observed 
throughout  the  experimental  period.  In  ACh+SMF  group,  however,  the  vasodilator  effect  with  increased 
vasomotion  followed  by  ACh  infusion  were  significantly  reduced.  In  mean  amplitudes  of  MPPG  between 
ACh+SMF  and  ACh  groups,  there  were  significant  differences  for  up  to  60  min  after  cessation  of  SMF  exposure. 
In  CTL  group,  there  were  no  significant  changes  throughout  the  experimental  period  (11). 

4.  Local  exposure  on  the  ear  lobe  to  SMF  (1.0  mT,  30  min)  in  pharmacologically  treated  rabbits  without  REC 
The  purpose  of  this  study  is  to  elucidate  the  hypothesized  homeostatic  effects  of  SMF  on  BPs,  and  to  show  that  it 
can  alter  the  microcirculation  in  a  cutaneous  tissue  and  hence  modify  the  BPs.  This  study  was  designed  to 
investigate  the  effects  of  SMF  on  a  Ca2+  channel  blocker,  nicardipine  (NlC)-induced  hypotension  as  well  as  a 
nitric  oxide  synthase  (NOS)  inhibitor,  Nx-nitro-L-arginine  methyl  ester  (L-NAME)-  induced  hypertension. 
Experimental  Procedures:  The  effects  of  SMF  on  BPs  in  rabbits  were  investigated  under  pharmacological 
treatment.  Hypotensive  and  vasodilator  actions  were  induced  by  NIC.  Hypertensive  and  vasoconstrictor  actions 
were  induced  by  L-NAME. 

Results:  In  NIC  alone,  the  acute  and  intense  vasodilation  with  increased  vasomotion  resulting  in  increases  of 
both  MPPG  parameters  was  observed.  In  SMF  +  NIC,  by  contrast,  the  vasodilating  effect  with  increased 
vasomotion  following  NIC  injection  was  reduced.  In  mean  amplitude  between  SMF+NIC  and  NIC,  there  was  a 
significant  difference  during  SMF  exposure.  In  L-NAME  alone,  10  min  after  L-NAME  infusion,  the 
vasoconstriction  resulting  in  decreases  of  mean  DC  level  was  observed.  In  SMF  +  L-NAME,  by  contrast,  the 
vasoconstrictor  effect  following  L-NAME  infusion  was  reduced.  In  mean  amplitude  between  SMF  +  L-NAME 
and  L-NAME,  however,  there  were  no  significant  differences  throughout  the  experimental  period.  In  NIC  alone, 
BPs  decreased  from  baseline  immediately  after  NIC  injection.  In  contrast,  in  SMF  +  NIC,  the  reduction  of  BPs 
was  suppressed.  In  L-NAME  alone,  BPs  gradually  increased  from  baseline  after  L-NAME  infusion.  In  contrast, 
in  SMF  +  L-NAME,  the  elevation  of  BPs  was  suppressed  during  exposure  and  post-exposure  (14). 
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5.  Local  exposure  on  the  neck  or  pelvic  to  SMF  (1.0-5. 5  mT,  30  min)  in  pharmacologically  treated  rabbits 
Experimental  Procedures:  Magnetic  flux  densities  were  up  to  5.5  mT  and  the  spatial  magnetic  gradient  peaked 
in  neck  (carotid  sinus  baroreceptor)  region  at  the  level  of  0.06  mT/mm.  The  duration  of  exposure  was  30  min  and 
the  effects  on  BP  were  investigated  up  to  100  min  post-exposure.  BPs  were  pharmacologically  modulated  by 
norepinephrine  (NE)-induced  hypertension  as  well  as  an  L-type  voltage-gated  Ca2+  channel  blocker,  nicardipine 
(NlC)-induced  hypotension.  Baroreflex  sensitivity  (BRS)  was  estimated  from  invasive  recordings  of  systolic  BP 
and  pulse  interval. 

Results:  Neck  exposure  to  5.5  mT  significantly  attenuated  the  pharmacologically  induced  vasoconstriction  or 
vasodilation,  and  subsequently  suppressed  the  increase  or  decrease  in  BP  compared  with  sham  exposure.  In 
contrast,  pelvic  exposure  to  5.5  mT  did  not  significantly  antagonized  NE-elevated  BP  or  NIC-reduced  BP.  The 
neck  exposure  to  5.5  mT  has  a  biphasic  and  restorative  effect  on  vascular  tone  and  BP  acting  to  normalize  the 
tone  and  BP.  The  neck  exposure  to  5.5  mT  caused  a  significant  increase  in  BRS  in  NE-elevated  BP  compared 
with  sham  exposure.  The  buffering  effects  of  the  SMF  on  increased  hemodynamic  variability  under  NE-induced 
high  vascular  tone  and  NIC-induced  low  vascular  tone  might  be,  in  part,  dependent  on  baroreflex  pathways, 
which  could  modulate  NE-mediated  response  in  conjunction  with  Ca2+  dynamics  (15). 

6.  Whole-body  exposure  to  SMFs  (0.3,  1.0,  and  10.0  mT,  10  min)  in  anesthetized  mice 

This  study  was  designed  to  investigate  the  effects  of  SMFs  for  modulating  the  muscle  capillary  mirocirculation 
under  pentobarbital-induced  hypnosis. 

Experimental  Procedures:  SMFs  were  generated  by  a  C-shaped  electromagnet  device.  Muscle  capillary 
microcirculation  of  mice  exposed  to  SMFs  (0.3,  1.0,  and  10.0  mT,  10  min)  was  studied  under  pentobarbital 
anesthesia.  FITC-labeled  dextran  was  used  for  an  in  vivo  fluorescent  plasma  marker  of  the  muscle  capillaries. 
Results:  Significant  increases  of  the  peak  blood  velocities  by  SMFs  of  at  least  1.0  mT  were  observed,  whereas 
those  of  the  mean  blood  velocities  were  not.  In  CTL  or  SMF  exposure  at  0.3  mT,  on  the  other  hand,  there  were 
no  significant  changes  throughout  the  experimental  period  within  either  of  the  peak  blood  velocities  (16). 

7.  Whole -body  exposure  to  SMF  (10  or  25  mT,  12  weeks)  in  reserpine-induced  hypotensive  rats 

This  study  investigated  the  interrelated  antihypotensive  effects  of  static  magnetic  fields  (SMF)  and  plasma 
catecholamine  levels  in  reserpine-induced  hypotensive  Wistar-Kyoto  rats. 

Experimental  Procedures:  Seven-week-old  male  rats  were  exposed  to  two  different  ranges  of  SMF  intensities, 
3.0-10  mT  (Bmax)  or  7.5-25  mT  (Bmax)  for  12  weeks.  Six  experimental  groups  of  10  animals  each  were 
examined:  (1)  no  exposure  with  intraperitoneal  (ip)  saline  injection  (sham  exposed  control);  (2)  10  mT  SMF 
exposure  with  ip  saline  injection  (10  mT);  (3)  25  mT  SMF  exposure  with  ip  saline  injection  (25  mT);  (4)  no 
exposure  with  ip  reserpine  injection  (RES);  (5)  10  mT  SMF  exposure  with  ip  reserpine  injection  (10  mT  +  RES); 
(6)  25  mT  SMF  exposure  with  ip  reserpine  injection  (25  mT  +  RES).  Reserpine  (5  mg/kg)  was  administered 
three  times  a  week  for  12  weeks,  and  18  h  after  each  injection,  arterial  blood  pressure  (BP),  heart  rate,  skin  blood 
flow,  plasma  nitric  oxide  metabolites,  plasma  catecholamine  levels,  and  behavioural  parameters  of  a  functional 
observational  battery  (FOB)  were  monitored. 

Results:  The  reserpine  idministration  significantly  decreased  BP,  reduced  plasma  norepinephrine  (NE),  increased 
the  FOB  hunched  posture  score  and  decreased  the  number  of  rearing  events  in  the  RES  group,  compared  with  the 
respective  age-matched  control  group.  Exposure  to  25  mT,  but  not  10  mT,  for  2-12  weeks  significantly 
prevented  the  reserpine-induced  decrease  of  BP  in  the  25  mT  +  RES  group  compared  with  the  respective  RES 
group.  Moreover,  exposure  to  25  mT  for  5  weeks  partially  suppressed  the  reserpine-induced  NE  reduction,  but 
did  not  bring  about  a  complete  reversal  of  reserpine  effects.  NE  levels  for  the  25  mT  +  RES  group  for  5  weeks 
were  significantly  higher  compared  with  the  RES  group,  but  still  lower  compared  with  the  control  group.  In 
addition,  the  FOB  hunched  posture  score  for  the  25  mT  +  RES  group  was  significantly  lower  and  the  number  of 
rearing  events  was  higher  compared  with  the  RES  group,  but  these  behavioural  parameters  did  not  revert  to 
control  levels.  There  were  no  significant  differences  in  any  of  the  physiological  or  behavioural  parameters 
measured  between  the  10  mT  +  RES  and  RES  groups,  nor  between  the  two  different  SMF  groups  and  the  control 
group  (17). 

8.  Whole-body  exposure  to  SMF  (5.5  mT,  30  min)  in  pharmacologically  induced  hypertensive  rabbits 

The  purpose  of  our  study  is  to  elucidate  the  hypothesized  hypotensive  or  antipressor  effects  of  SMFs,  and  to 
show  that  it  can  alter  the  microcirculation  in  a  cutaneous  tissue  and  hence  normalize  the  BPs.  More  particularly, 
this  study  was  designed  to  investigate  the  effects  of  SMF  on  pharmacologically  induced  hypertension  via  NA- 
mediated  increases  in  sympathetic  nerve  activity,  or  a  NOS  inhibitor  in  vascular  endothelial  cells  and/or  neurons. 
Experimental  Procedures:  Hypertensive  and  vasoconstrictor  conditions  were  induced  by  NA  or  a  NOS  inhibitor, 
L-NAME.  As  a  preliminary  intensity-finding  experiment  using  SMFs  ranging  1.0-50.0  mT  in  NA-induced 
hypertension,  whole-body  exposure  to  SMFs  under  5.5  mT  did  not  significantly  induce  antipressor  effects. 
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Results:  In  NA  alone,  just  after  NA  infusion,  the  acute  and  intense  vasoconstriction  resulting  in  reduction  of 
mean  DC  level  of  MPPG  was  observed.  In  SMF  +  NA,  by  contrast,  the  vasoconstrictor  effect  following  NA 
infusion  was  antagonized.  In  L-NAME  alone,  the  vasoconstriction  resulting  in  decreases  of  mean  DC  level  was 
observed.  In  SMF+L-NAME,  the  vasoconstrictor  effect  following  L-NAME  infusion  was  reduced.  Comparing 
mean  amplitude  of  MPPG  between  SMF+L-NAME  and  L-NAME;  however,  there  were  no  significant 
differences  throughout  the  experimental  period.  In  NA  alone,  BPs  increased  from  baseline  after  NA  infusion.  In 
contrast,  in  SMF  +  NA,  the  elevation  of  BPs  was  antagonized  and  hypotension  was  induced.  After  withdrawal  of 
SMFs,  there  were  significant  differences  between  SMF+NA  and  NA  in  BPs.  In  L-NAME  alone,  BPs  increased 
from  baseline  after  L-NAME  infusion.  In  contrast,  in  SMF  +  L-NAME,  the  elevation  of  BPs  was  suppressed 
during  exposure  and  post-exposure.  For  plasma  vasoactive  substances,  comparing  between  NA  and  SMF  +  NA 
in  pre-  and  post-exposure,  there  were  no  significant  changes  in  any  catecholamines,  angiotensin  II  and 
aldosterone  levels  (13). 

9.  Whole-body  exposure  to  SMF  (1,  5,  10  and  25  mT,  12  weeks)  for  genetically  hypertensive  rats 

The  purpose  of  our  study  is  to  elucidate  the  hypothesized  antipressor  effects  of  SMFs  with  mT  levels  on  a 
genetically  hypertensive  animal. 

Experimental  Procedures  1:  A  SMF  exposure  device  was  composed  of  a  pair  of  rectangular  magnetic  plates 
(strontium-ferrite)  externally  placed  in  parallel.  Four  types  of  SMF  exposure  devices  with  different  magnetic  flux 
densities  were  used.  The  mean  flux  densities  in  the  center  of  a  cage  were  ranging  from  3.0  to  10.0  mT  (Bmax) 
here  referred  to  as  SMF  10  mT  and  ranging  from  8.0  to  25.0mT(Bmax)  as  SMF  25mT.  Effects  of  SMFs  on 
development  of  hypertension  were  investigated  using  young  male  stroke-resistant  spontaneously  hypertensive 
rats  (SFIRs)  beginning  at  7  weeks  of  age.  SFIRs  were  randomly  assigned  to  two  different  exposure  groups  or  an 
unexposed  group.  A  rat  in  a  cage  with  magnetic  plates  was  exposed  to  either  SMF  continuously  for  12  weeks, 
except  during  the  short  period  of  measuring  BPs  and  heart  rate  and  blood  sampling.  The  BPs  and  heart  rate  in 
each  rat  were  determined  weekly  using  tail-cuff  method. 

Results  1:  The  changes  of  systolic  BP  with  continuous  exposure  to  either  SMF  for  12  weeks  and  with  crossover 
exposure  to  SMF  25  mT  for  6  weeks  were  indicated,  as  compared  with  sham  exposed  group.  The  rats  exposed  to 
SMFs  displayed  suppression  and  retardation  in  the  development  of  systolic  BP  during  2-9  weeks.  However,  at 
least  1  week  after  crossover  exposure  for  6  weeks,  significant  differences  between  systolic  BP  disappeared. 
Similar  suppressions  of  development  of  hypertension  exposed  to  SMFs  also  occurred  in  diastolic  BP  during  5-6 
weeks  in  SMF  10  mT  and  during  3-6  weeks  in  SMF  25  mT.  Moreover,  antipressor  effects  on  mean  BP  were 
observed  during  3-5  weeks  in  both  SMFs.  Exposure  to  SMFs  for  5  weeks  significantly  reduced  the 
concentrations  of  plasma  angiotensin  II  and  plasma  aldosterone  concentration,  as  compared  with  sham  exposed 
group.  There  were  no  detectable  effects  of  SMFs  on  the  other  measured  vasoactive  substances  (renin  activity, 
angiotensin  I,  arginine  vasopressin  and  angiotensin  I-converting  enzyme  concentrations)  (18). 

Experimental  Procedures  2:  Seven-week-old  SHRs  were  exposed  to  three  different  ranges  of  SMF  intensity, 
ranging  from  0.3  to  1.0  mT  (Bmax)  here  referred  to  as  SMF  1  mT,  ranging  from  1.5  to  5.0  mT  (Bmax)  here 
referred  to  as  SMF  5  mT,  for  12  weeks  and  sham  exposure.  Arterial  BP,  hear  rate,  skin  blood  flow  and  plasma 
NO  metabolites  (NOx)  and  plasma  cathecholamine  levels  were  monitored. 

Results  2:  SMF  5  mT,  but  not  SMA  1  mT,  significantly  suppressed  and  retarded  the  early  stage  development  of 
hypertension  for  several  week,  compared  with  the  age  matched,  unexposed  (sham  exposed)  control.  Exposure  to 
5  mT  resulted  in  reduced  plasma  NOx  concentrations  together  with  lower  level  of  anigiotensin  II  and  alsosteron 
in  SHR  (19). 

10.  Local-body  exposure  on  the  baroreceptor  region  to  SMF  (180  mT,  6  and  14  weeks)  in  genetically 
hypertensive  rats 

The  purpose  of  our  study  is  to  elucidate  the  hypothesized  antipressor  effects  of  SMFs  with  mT  levels  on  SHRs 
special  regard  to  exposure  region  to  the  baroreceptor. 

Experimental  Procedures:  This  study  investigated  the  combined  effects  of  a  moderate  intensity  SMF  and  a 
Ca2+channel  blocker,  nicardipine  in  stroke-resistant  SHRs.  A  disc-shaped  permanent  magnet  or  a  dummy  magnet 
was  implanted  in  the  vicinity  adjacent  to  the  left  carotid  sinus  baroreceptor  region  in  the  neck  of  each  rat.  Five- 
week-old  male  rats  were  exposed  to  SMF  intensity  up  to  180  mT  (Bmax)  with  a  peak  spatial  gradient  of  133 
mT/mm  for  14  weeks.  Four  experimental  groups  of  14  animals  each  were  examined:  (1)  sham  exposure  with 
intraperitoneal  (ip)  saline  injection  (control);  (2)  SMF  exposure  with  ip  saline  injection  (SMF);  (3)  sham 
exposure  with  ip  nicardipine  injection  (NIC);  (4)  SMF  exposure  with  ip  nicardipine  injection  (SMF+NIC). 
Nicardipine  (2  mg/kg  ip)  was  administered  three  times  a  week  for  14  weeks,  and  then  15  min  after  each 
injection,  arterial  blood  pressure  (BP),  heart  rate  (HR),  baroreflex  sensitivity  (BRS),  skin  blood  flow  (SBF),  skin 
blood  velocity  (SBV),  plasma  nitric  oxide  (NO)  metabolites  (NOx),  plasma  catecholamine  levels  and 
behavioural  parameters  of  a  functional  observational  battery  were  monitored. 
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Results:  The  action  of  nicardipine  significantly  decreased  BP,  and  increased  HR,  SBF,  SBV,  plasma  epinephrine 
and  nor-epinephrine  in  the  NIC  group  compared  with  the  control  respective  age-matched  group  without 
changing  plasma  NOx  levels.  Neck  exposure  to  SMF  alone  for  5-8  weeks  significantly  suppressed  or  retarded 
the  development  of  hypertension  together  with  increased  BRS  in  SMF  group.  Furthermore,  the  exposure  to  SMF 
for  1-8  weeks  significantly  promoted  the  nicardipine-induced  BP  decrease  in  the  SMF+NIC  group  compared 
with  the  respective  NIC  group.  Moreover,  the  SMF  induced  a  significant  increase  in  plasma  NOx  in  the 
nicardipine  induced  hypotension.  There  were  no  significant  differences  in  any  of  the  physiological  or 
behavioural  parameters  measured  between  the  SMF+NIC  and  the  NIC  groups,  nor  between  the  SMF  and  the 
control  groups  (20-21). 

Summary  of  Static  Field  Effects 

Microcirculation  and  BPs  were  modulated  by  SMFs  with  mT  levels  in  pharmacologically  treated  animals  and 
genetically  hypertensive  animals.  By  contrast,  these  physiological  parameters  were  not  changed  by  SMFs  in 
normal  animals.  Appreciable  minimum  level  for  modulating  microcirculation  and  BPs  was  1.0  mT  in 
pharmacologically  treated  animals.  For  the  minimum  exposure  duration  of  1.0  mT,  it  took  10  min  to  change 
microcirculation  and  30  min  to  modulate  BPs  in  these  animals.  To  induce  antipressor  effects  of  SMFs  on 
pharmacologically  induced  hypertensive  animals,  the  whole-body  exposure  to  SMF  of  5.5  mT  for  30  min  was 
needed.  To  induce  antipressor  effects  of  SMFs  on  genetically  hypertensive  animals,  whole-body  exposure  to 
SMFs  of  5.0  mT  for  at  least  2  weeks  was  required. 

The  effects  of  SMFs  in  the  mT  range  were  mediated  by  antagonizing  the  action  of  biochemical  substances,  there 
by  inducing  homeostatic  effects  biphasically: 

1 .  Suppression  of  an  adrenergic  neurotransmitter,  NA-induced  vasoconstriction,  and  hypertension 

2.  Suppression  of  a  cholinergic  neurotransmitter,  ACh-induced  vasodilation 

3.  Suppression  of  reserpine-induced  hypotension  and  bradykinesia. 

4.  Suppression  of  an  anesthetic  agent,  pentobarbital-induced  decrease  in  the  peak  blood  velocities 

5.  Suppression  of  a  Ca2+  channel  blocker,  nicardipine-induced  vasodilation  and  hypotension 

6.  Suppression  of  a  NOS  inhibitor,  L-NAME-induced  vasoconstriction  and  hypertension 

7.  Suppression  of  early  BP  elevation  via  inhibition  of  elevation  of  vasopressor  hormones,  Ang  II  and  Aid 

8.  Suppression  of  delay  BP  elevation  via  the  NO  pathway  and  hormonal  regulatory  systems 

9.  Enhancement  of  nicardipine-induced  antipressor  effects  in  SHRs  which  partially  related  to  NOx  activity 

The  effects  of  SMFs  with  mT  levels  on  microcirculation  and  BPs  obtained  from  different  mammals  would  be 
used  in  possible  explanation  for  the  therapeutic  effects  on  many  ischemic  diseases  related  to  dysfunction  in 
circulation  and  microcirculation.  Furthermore,  the  SMFs  might  exert  regulatory  effects  on  BPs. 

ELF  EMFs 

1.  Whole  body  exposure  effects  to  threshold  levels  of  50  Hz  EMFs  (0.3-30  mT,  30  min  or  15  days)  in  mice 
Whole  body  exposure  effects  to  threshold  levels  of  50  Hz  electromagnetic  fields  (3.0,  10.0,  30.0  mT  for  acute 
exposure  and  0.3,  1.0,  3.0  mT  for  subchronic  exposure)  on  intramicrovascular  behaviour  of  leukocytes  in  the 
cutaneous  microcirculation  was  evaluated  by  newly  developed  dorsal  skin  fold  chamber  (DSC)  technique  in 
mice  under  conscious  conditions.  The  results  indicated  that  the  exposure  intensity  at  3.0  mT  is  a  threshold  level 
for  increasing  leukocyte  adhesion  to  the  endothelial  walls.  Effects  of  50Hz  electromagnetic  fields  (EMF) 
exposure  on  leukocyte  are  mainly  performed  in  vitro,  however,  little  information  of  these  is  available  in  vivo 
experiments.  In  order  to  investigate  the  acute  and  subchronic  exposure  effects  of  threshold  levels  of  50Hz  EMF 
on  leukocyte  behaviour  in  vivo  system,  we  measured  the  behaviour  of  intra-microvascular  leukocytes  in  the 
cutaneous  microcirculation  in  mice. 

Experimental  Procedures:  Male  mice  (BALB/c)  having  the  DSC  were  subjected  to  intravital-microscopic  study. 
We  have  developed  the  DSC  with  non-metal  materials  of  Duracon  resin,  which  could  not  be  physically  affected 
by  EMF  exposure.  For  visualization  of  intra-microvascular  leukocytes,  fluorescent  dye  (rhodamine  6G; 
0.3mg/kg,  iv)  was  injected.  The  numbers  of  leukocyte  rolling  or  adhering  to  the  venular  walls  were  measured  by 
confocal  laser  microscopy  and  recorded  into  VCR  and  analyzed  from  the  images.  The  magnetic  flux  densities 
used  for  the  acute  exposure  (30  minutes)  were  controlled  at  3,  10,  30  mT  at  the  centre  of  animal  body(n=10 
each),  respectively.  For  subchronic  exposure  study,  mice  were  divided  into  4  groups  (n=10  each),  i.e.,  exposure 
group  with  50  Hz  EMF  at  0.3,  1.0  and  3.0  mT  and  control  group  with  sham  exposure.  The  50Hz  EMF  exposure 
was  intermittently  performed  everyday  from  16:00  to  12:00(20hours/day)  for  15  days.  Plasma  cytokine  (IL-ip, 
TNF-a)  concentration  was  measured  by  ELISA. 

Results:  Acute  Effects  (3,  10,  30  mT,  30  min):  A  tendency  to  increase  the  adherent  cell  count  of  leukocytes  due 
to  the  50  Hz  EMF  exposure  toward  higher  magnetic  field  intensity  was  recognized.  Following  the  exposure  at  30 
mT,  the  counts  of  adherent  cell  was  significantly  higher  than  those  obtained  before  exposure.  Subchronic  Effects 
(0.3,  1.0  and  3.0  mT,  15  days):  Following  subchronic  exposure  to  50Hz  EMF,  no  significant  changes  in 
arteriolar  blood  flow  velocity  and  diameter  were  noticed  in  both  groups,  however,  statistically  significant 
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increases(p<0.05)  in  adherent  leukocyte  counts  at  3.0  mT  were  noticed.  There  was  no  change  in  IL-ip  and  TNF- 
a  plasma  levels  between  before  and  after  exposures  in  any  group.  No  noticeable  changes  in  the  adherent  cell 
counts  were  observed  between  before  and  after  sham  exposures  in  the  control  group. 

Conclusion :  The  results  indicated  that  50  Hz  EMF  exposure  may  influence  cell  to  cell  interaction  between 
venular  endothelial  cells  and  leukocytes.  Previous  observations  using  human  monocyte  in  in  vitro  system 
indicated  that  changes  in  cytokine  profile  of  monocyte  were  induced  by  exposures  of  50  Hz  EMF.  We 
hypothesize  that  50  Hz  EMF  exposure  effects  on  leukocyte  and  endothelial  cell  interaction  due  to  change  in 
cytokine  levels,  however,  IL-ip  and  TNF-a  may  not  be  involved  in  this  phenomenon  (5,  22-23). 

2.  Whole  body  exposure  effects  to  50Hz  EMFs  (3mT,  15  days)  on  mammary  tumour  proliferation  in  mice 

The  tumor  vasculature  consists  of  both  vessels  recruited  from  the  pre-existing  network  from  the  angiogenic 
response  of  host  vessels  to  cancer  cells.  In  the  process  of  cancer  promotion,  angiogenesis  is  one  of  the  key  issues 
to  proliferate  their  cells  into  host  tissue.  We  have  intravital-microscopically  found  that  50Hz  electromagnetic 
fields(EMF)  as  well  as  static  magnetic  field  exposure(>lmT)  might  modify  the  microvascular  tone  in  rabbits 
under  conscious  conditions.  If  50Hz  EMF  can  affect  on  hemodynamic  parameters  of  pre-existing 
microvasulature,  50Hz  EMF  may  also  affect  on  tumor  vasculature  or  angiogenic  process,  hence,  growth  rate  of 
tumor  cells  which  implanted  into  the  animals. 

Experimental  Procedures:  Mammary  tumour  cells  (MMT06562:  MMT)  were  grafted  into  DSC.  The  area 
occupied  by  tumour  tissue  within  a  DSC  was  measured  by  PC  image  analysis  with  NIH  image.  Mice  were 
divided  into  2  groups  (n=10-12  each),  i.e.,  exposure  group  with  50  Hz  EMF  at  3  mT  and  control  group  with 
sham  exposure.  The  50Hz  EMF  exposure  was  intermittently  performed  everyday  (22hours/day)  for  15  days. 
Bood  vessel  diameter,  blood  flow  velocity,  adherent  leukocyte  counts  to  venular  wall  were  evaluated  by 
comparison  between  these  values  of  pre-  and  post-exposure  within  group,  or  these  of  exposure  group  and  control 
group. 

Results:  After  MMT  grafting,  almost  one  week  required  to  initiate  the  angiogenic  response.  During  2  weeks' 
whole  body  exposure  to  3  mT,  50  Hz  EMF,  successive  changes  of  angiogenesis  including  vascular  density  and 
growth  of  the  tumor  were  compared  with  non-exposed  control  animals.  The  area  occupied  by  tumor  tissue  within 
DSCs  of  the  exposure  group  is  smaller  than  its  control  group,  however,  no  significant  difference  was  found 
between  them. 

Conclusion:  The  results  indicated  that  50  Hz  EMF  exposure  at  3  mT  induced  no  effects  on  the  mammary  tumour 
cell  proliferation  in  tumour  bearing  animals  (24). 

3.  Whole  body  exposure  effects  to  50Hz  EMFs  (3mT,  15  days)  with  or  without  transient  magnetic  fields  (7.4 
kHz  with  50  msec,  162  pT)  on  brain  tumour  proliferation  in  SCID  mice 

This  study  evaluates  whole  body  exposure  effects  to  ELF -EMF  with  transient  magnetic  field  on  the  implanted 
brain  tumour  growth  and  tumour  microcirculation  within  a  mice  cranial  window  (CW). 

Experimental  Procedures:  Male  SCID  (Severe  combined  immuno-deficiency)  mice  were  used  in  this  study.  One 
week  after  installation  of  CW,  the  window  was  opened  and  a  small  piece  of  human  glioma  U87  tissue  which 
grown  in  source  mouse  was  implanted  into  the  centre  of  CW.  Then,  mice  were  divided  into  two  groups: 
exposure  and  sham  group.  In  exposure  group,  mice  were  subchronically  exposed  to  combination  of  50  Hz  EMF 
with  repetitive  transient  magnetic  fields  (1  burst/s,  7.4  kHz  waves  with  duration  of  50  msec  and  peak  magnet 
density  of  162  pT)  for  15  days  (15  hours/day:  7  p.m.  to  10  a.m.)  following  tumour  implantation.  During  and 
after  the  exposure,  we  measured  the  size  of  tumour,  microcirculatory  parameters  of  angiogenic  vessels  in  the 
growing  tumour  by  real-time  confocal  microscopy,  and  vascular  permeability  of  rhodamine-labelled  albumin 
using  a  photon  counting  system. 

Results:  Although  tumour  size  increased  markedly  following  implantation,  tumour  growth  did  not  show  any 
significant  difference  between  the  exposure  group  and  control  group.  Tumour  angiogenesis  was  also  induced 
inside  and  around  the  tumour  tissue,  however,  ELF-EMF  with  transient  magnetic  fields  did  not  affect  any  of  the 
microcirculatory  parameters  of  these  angiogenic  vessels,  for  instance,  vascular  density,  mean  diameter  and 
branched  numbers  of  vessels. 

Conclusion:  No  possible  pathophysiological  effect  in  the  brain  tumour  microcirculation  can  be  induced  by  the 
subchronic  and  combined  exposures  of  50  Hz  (3  mT)  and  transient  magnetic  fields.  The  growth  rate  of  implanted 
brain  tumour  tissue  was  not  also  affected  by  the  present  exposure  conditions  (6). 

4.  Whole  body  exposure  effects  to  ELF  EMFs  (10,  16  and  50  Hz,  28  mT,  10  min)  on  cutaneous  microcirculation 
in  mice 

Experimental  Procedures:  Three  different  ELF  EMFs,  e.g.,  10,  16  and  50  Hz,  were  used  in  this  study.  Following 
caudal  vein  injection  of  FITC-dextran  250  kDa,  the  microvasculature  (initial  arteriole  diameter  of  45-80  /An), 
was  examined  by  intravital  microscopy  and  video  images  were  recorded.  Measurements  of  blood  vessel  diameter 
within  a  DSC  were  continuously  monitored  for  33  min  including  pre-,  during  and  post-  exposure  of  ELF-EMF 
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and  every  389  ms  blood  vessel  diameter  were  calculated. 

Results:  During  and  post-exposure  to  16  Hz  EMF,  arteriolar  diameters  increased  significantly  compared  with  the 
pre-exposure  period,  and  the  changes  were  larger  during  post-exposure.  No  noticeable  changes  in  arteriolar 
diameters  were  obtained  from  exposure  to  sham,  10  Hz  and  50  Hz  EMFs. 

Conclusion:  This  study  indicates  that  frequency  specific  interation  may  be  evoked  by  ELF  EMF  (16  Hz), 
however,  further  research  is  needed  to  confirm  this  phenomenon  (25). 

RF  EMFs 

Local  exposure  to  1.5  GHz  RF-EMF  (0.08  -  35  W/kg  brain  average  SARs,  10,  50,  80  min  or  4  weeks)  in  rats 

There  is  little  information  are  available  about  the  exposure  effects  of  EMF  on  cerebral  microcirculation.  In  this 
study  we  developed  a  cranial  window  method  for  evaluating  the  exposure  effects  of  EMF  on  the  BBB  function, 
hemodynamics  of  pial  microcirculation  and  behaviour  of  intramicrovascular  leukocytes  by  using  an  intravital 
microscopy  in  rats. 

Experimental  Procedures  1:  In  the  monopole  antenna  experiment,  the  exposure  system  consisted  of  a  small 
anechoic  chamber  and  a  monopole  antenna.  The  head  of  each  rat  was  positioned  toward  the  central  antenna  and 
was  locally  exposed  to  1,439MHz  electromagnetic  near-field  TDMA  (time  division  multiple  access)  signal  for 
PDC  (Personal  Digital  Cellular,  Japanese  cellular  telephone  standard)  system.  The  degree  of  intensity  of  RF 
exposure  was  controlled  by  mean  specific  absorption  rate  (SAR)  of  the  brain.  The  SAR  values  were  1,  4,  and  8 
W/kg  for  acute  effect  experiment,  and  4  W/kg  for  sub-chronic  effect  experiment,  respectively.  The  EMF 
exposure  duration  was  10  minutes  for  the  acute  exposure  experiment  and  was  60  minutes  everyday,  5  days  a 
week  for  4  weeks  for  the  subchronic  exposure  experiment.  The  pial  microcirculation  including  vascular 
diameters,  plasma  velocities,  leukocyte  behaviour  and  BBB-function  within  the  cranial  window  was  investigated 
by  a  fluorescence  microscope  equipped  with  an  SIT  camera. 

Results  1:  Acute  Exposure  Experiment:  The  values  in  the  diameters  and  maxmal  plasma  velocity  of  the  pial 
venule  of  pre-  and  post-exposures  did  not  significantly  differ  from  each  other  for  any  SARs  tested. 
Corresponding  to  the  increase  in  SAR,  the  number  of  rolling  leukocytes  on  the  venular  endothelia  tended  to 
decrease,  however,  no  significant  differences  were  recognized  between  the  values  for  pre-  and  post-exposures. 
No  extravasation  of  two  kinds  of  fluorescence  dyes,  FITC-Dx  (MW:  250,000)  and  sodium- fluorescein  (MW: 
376),  from  the  pial  venule  was  noticed  due  to  any  SARs.  Subchronic  Exposure  Experiment:  The  values  in  the 
diameters  and  maxmal  plasma  velocity  of  the  pial  venule  of  pre-  and  post-exposures  did  not  significantly  change. 
No  significant  differences  were  recognized  between  the  values  for  pre-  and  post-exposures  in  vascular  diameters, 
plasma  velocities  and  adherent  leukocyte  counts.  No  extravasation  of  the  two  kinds  of  fluorescence  dyes  from 
the  pial  venule  was  noticed  (7). 

Experimental  Procedures  2:  In  the  loop  antenna  experiment,  the  head  of  rat  was  positioned  2mm  under  the  loop 
antenna  and  was  locally  exposed  to  1,439MHz  electromagnetic  near- field  TDMA  signal  for  PDC  system.  The 
degree  of  intensity  of  EMF  exposure  was  controlled  by  average  specific  absorption  rate  (SAR)  of  the  brain  at 
0.2,  2.0,  and  7.5W/kg  for  acute  effect  experiment,  and  2  W/kg  for  subchronic  effect  experiment,  respectively. 
Other  experimental  procedures  were  same  with  the  monopole  antenna  experiment  mentioned  above. 

Results  2:  Acute  Effect  Experiment:  No  significant  differences  were  recognized  between  the  values  for  pre-  and 
post-exposures  in  maximal  plasma  velocities  and  adherent  leukocyte  counts.  No  extravasation  of  two  kinds  of 
fluorescent  dyes,  FITC-Dx  and  sodium-fluorescein,  from  the  pial  venule  was  noticed  due  to  any  SARs.  Sub¬ 
chronic  Effect  Experiment:  The  infection  of  piamater,  the  regeneration  of  dura  mater  and  the  serpiginous  change 
of  vessel  were  not  observed  within  a  cranial  window  of  each  group  throughout  the  experiment.  There  was  no 
significant  difference  in  the  maximal  plasma  velocity  of  the  pial  venule  of  each  group  at  4th  week.  No 
extravasation  of  two  kinds  of  fluorescence  dyes,  FITC-Dx  and  sodium-fluorescein,  from  the  pial  venule  was 
noticed  in  any  group  (7). 

Experimental  Procedures  3:  Rat’s  head  was  locally  exposed  to  1,457MHz  electromagnetic  near-field  TDMA 
(time  division  multiple  access)  signal  for  PDC  (Personal  Digital  Cellular,  Japanese  cellular  telephone  standard) 
systems  by  an  “8”-shaped  loop  antenna  placed  4  mm  upward  to  the  cranial  window.  RF-EMF  exposure  intensity 
was  maintained  at  an  averaged  SAR  (2.0 W/kg)  in  parietal  targeted  area.  During  80  min  experimental  period 
including  50  min  RF-EMF  exposure,  three  microcirculatory  parameters  (BBB-function,  plasma  velocities  and 
vessel  diameters)  in  pial  venules  were  measured  every  10  min,  and  the  results  were  compared  between  those  of 
RF  and  Sham  groups.  Other  experimental  procedures  were  same  with  the  monopole  antenna  experiment 
mentioned  above. 

Results  3:  No  statistical  changes  were  observed  between  RF  group  and  Sham  group  in  any  microcirculatory 
parameters  (26). 

Experimental  Procedures  4:  Possible  adverse  health  effects  of  radiofrequency  electromagnetic  field  (RFEMF) 
exposure  during  mobile  phone  uses  on  the  developing  brain  in  children  are  one  of  the  important  public  health 
issues.  The  aim  of  the  present  study  is  to  investigate  whether  RF-EMF  exposure  induces  transient  effects  on 
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brain  microcirculation  being  observed  only  during  RF-EMF  radiation  period  in  juvenile  rats.  As  juvenile  and 
adult  rats,  we  used  4  and  8  weeks  male  Sprague-Dawley  rats,  respectively.  Both  juvenile  and  adult  rats  were 
divided  into  two  groups:  RF  group  was  exposed  to  RF-EMF  and  Sham  group  was  not  exposed  to  any  RF-EMF. 
Other  experimental  procedures  were  same  with  the  “8”-shaped  loop  antenna  experiment  mentioned  above. 
Results  4:  We  succeeded  to  directly  observe  pial  microcirculation  through  the  cranial  windows  during  RF-EMF 
exposure  in  juvenile  rats.  In  4  weeks  juvenile  rats,  no  changes  in  any  of  the  three  microcirculatory  parameters 
were  elicited  by  the  RF-EMF  exposure.  No  statistical  changes  were  recognized  between  RF  group  and  Sham 
group.  These  negative  effects  obtained  from  RF-EMF  exposure  in  juvenile  rats  were  also  confirmed  in  8  weeks 
adult  rats.  No  transient  effects  of  RF-EMF  exposure  on  the  brain  microcirculation  in  either  juvenile  or  adult  rats 
were  recognized  (27). 

Conclusion:  These  results  from  acute  and  subchronic  exposure  to  RF  EMF  suggested  that  no  noticeable  changes 
in  the  cerebral  microcirculatory  parameters,  at  least  on  BBB-function,  plasma  velocities  or  vessel  diameters,  in 
either  juvenile  or  adult  rats  under  present  exposure  conditions. 

There  is  an  importance  of  understanding  the  effects  of  magnetic  fields  on  microcirculatory  system.  It  may  have 
direct  and  indirect  role  in  interaction  of  magnetic  fields  with  different  tissues.  The  results  from  our  studies  could 
be  useful  in  applying  them  for  microcirculatory  disorders.  In  addition,  results  obtained  from  exposure  to  ELF 
and  RF  EMFs  failed  to  show  any  changes  in  microcirculatory  system  except  for  leukocyte  and  endothelial  cell 
interaction.  Levels  of  EMFs  used  in  our  studies  are  very  higher  than  the  international  exposure  guidelines.  These 
animal  studies  can  contribute  to  evaluate  possible  health  risks  of  EMFs. 
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Abstract 

We  have  pursued  the  possibility  to  control  immune  functions  by  ELF  electro-stimulation.  As  the  first  step,  the 
effect  of  electro-stimulation  on  the  NO  producing  ability  of  macrophages  was  examined.  The  decrease  of  NO 
production  due  to  the  electro-stimulation  was  observed  with  statistical  significance.  To  elucidate  the  mechanism 
of  this  phenomenon,  the  amount  of  the  NO  synthesizing  enzyme  was  measured.  The  measurement  showed  the 
decrease  in  the  emergence  of  the  enzyme  with  statistical  significance,  as  well.  These  facts  suggested  that  the 
ELF  electro-stimulation  suppressed  the  emergence  of  the  NO  synthesizing  enzyme  and  that  the  amount  of  NO 
production  was  consequently  decreased  by  the  electro-stimulation.  To  analyse  the  association  between  the 
amount  of  the  NO  synthesizing  enzyme  and  the  amount  of  NO  production,  the  dose-response  of  this  effect  was 
investigated  by  changing  the  electric  current  density  of  the  electro-stimulation.  The  rates  of  the  decrease  in  NO 
synthesizing  enzyme  and  the  NO  production  were  found  to  be  very  close.  These  results  showed  that  the  change 
in  the  NO  synthesizing  enzyme  is  closely  involved  in  the  mechanism  of  the  suppression  of  NO  production  by 
electro-stimulation.  This  suggested  the  feasibility  to  control  the  immune  function  by  applying  electro¬ 
stimulation  from  outside  the  body. 


Introduction 

The  influence  of  ELF  electromagnetic  field  on  various  physiological  functions  has  been  reported,  and  much 
study  has  been  conducted  mainly  from  the  view  point  of  adverse  effects.  On  the  other  hand,  there  is  a  clinical 
application  such  as  therapeutic  instruments  using  ELF  electric  field.  With  the  view  towards  the  immune  control 
by  ELF  electric  field  exposure,  we  have  studied  the  effect  of  electro-stimulation  on  cell  functions.  Macrophages 
play  important  roles  in  a  human  immune  system.  We  have  examined  the  effect  of  electro-stimulation  on  the 
phagocytic  activity  and  the  active  oxygen  production  ability  of  macrophages.  Through  this  study,  it  has  been 
found  that  the  both  activities  are  suppressed  by  the  capacitively  coupled  electro-stimulation11 2I.  The  electric 
current  induced  in  the  suspension  of  cells  was  in  the  similar  order  to  that  induced  in  the  human  body  with  the 
therapeutic  instrument  of  electric  field  exposure. 

In  the  current  study,  we  have  examined  the  effect  of  electro-stimulation  on  the  production  capacity  of  nitric 
oxide  (NO).  The  NO  is  a  kind  of  the  same  radicals  as  the  active  oxygen  and  is  produced  in  the  immune  function 
of  a  macrophage.  The  NO  is  produced  to  kill  bacteria  but  can  destroy  normal  cells  when  produced  excessively. 
Moreover,  it  reacts  with  the  active  oxygen  and  becomes  the  peroxynitrite  (ONOO  ).  The  ONOO  is  more  toxic 
and  damages  normal  cells.  Therefore,  if  we  can  control  the  NO  production,  it  will  contribute  to  the  prevention 
and  the  treatment  of  various  diseases.  We  have  examined  this  possibility  by  the  ELF  electro-stimulation  in  vitro. 

Materials  and  Methods 
macrophage  preparation 

Peritoneal  exudate  macrophages  were  used  in  all  the  experiments.  The  thioglycollate  medium  (4.05%,  2  ml) 
was  injected  in  the  peritoneal  cavity  of  a  normal  mouse  (Std:ddy,  female,  7-llweeks).  After  3  or  4  days,  the 
cells  were  harvested  from  the  mouse  abdomen.  Then,  macrophages  were  collected  from  the  cells  in  the 

established  method.  [3]  We  prepared  the  cell  culture  solution  (RPMI  1640  with  L-Glutamine  ,  Sodium 
Bicarbonate  and  10%Fetal  Bovine  Seram:  RPMI  1640,  hereafter)  with  0.5><105IU  penicillin  G  potassium  and 
50mg  streptomycin  sulfate  added.  The  collected  macrophages  were  suspended  in  the  cell  culture  solution  to 
make  the  cell  density  of  2><106cells/ml.  When  electro-stimulation  was  applied  to  the  cells,  the  IFN-y(10U/ml) 
and  the  LPS(l|ig/ml)  were  added  as  stimulants  to  both  the  stimulation  group  and  sham  group. 
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electrostimulation  system 

The  macrophage  cells  were  stimulated  by  the  electric  current  in  the  container  insulated  electrically  from  the 
electrodes  to  simulate  the  condition  of  electro-stimulation  from  outside  the  human  body.  Figure  1  shows  the 
structure  of  the  sample  container. 

Two  plane  electrodes  were  kept  parallel  with  3  mm  distance  by  a  plexiglass  separator.  The  electrodes  were 
square  cupper  plates  (24mmx24mm><6mm  top  and  32mmx32mmx6mm  bottom).  The  top  electrode  was 
insulated  with  a  0.15  mm  thick  cover-glass,  and  the  bottom  one  with  0.10  mm  thick  silicone  film.  The  outline  of 
the  electrostimulation  system  is  shown  in  Fig. 2.  Two  electrodes  were  connected  to  a  high-voltage  power  source 
through  a  noise  filter.  As  the  power  source,  the  power  supply  of  a  commercial  apparatus  for  the  electric  field 
therapy  was  used  (Flealthtron  ,  Hakuju  Inst.  Health  Science,  maximum  supply  voltage  lOkV).  A  sinusoidal  AC 
signal  of  50Hz  was  supplied  to  the  apparatus  with  a  waveform  generator  to  make  the  high-voltage  with  the 
sinusoidal  waveform  of  50Hz.  In  the  experiment,  the  cell  suspension  was  placed  in  the  container,  and  electro¬ 
stimulation  was  applied  in  a  C02  incubator  (38°C,  C025%).  The  cell  suspension  of  the  sham  group  was  kept  in 
another  incubator  of  the  same  condition. 
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Fig. 2  Schematic  diagram  of  electro-stimulation 
system. 


Effect  on  NO  production 

We  stimulated  macrophages  in  the  suspension  with  IFN-y  and  LPS,  and  applied  the  electro-stimulation  for  the 
exposure  group.  The  sham  group  was  treated  in  the  same  way  except  connecting  to  the  power  source.  The 
amount  of  NO  produced  outside  the  cell  was  measured  as  fluorescent  intensity  (495nm  excitation  and  515nm 
emission)  using  fluorescent  reagent  Diamino fluorescein-2(DAF -2)  for  the  NO  detection. 

Macrophages  were  collected  in  the  established  method,  and  washed  three  times  with  Hanks’  Balanced  Salt 
Solution  (HBSS)  in  centrifugation  (400G)  for  5  minutes.  Then,  they  were  suspended  in  the  culture  liquid  RPMI 
1640  again,  and  the  electro-stimulation  (50Hz,  35pA/cm2,  16h)  was  applied.  After  the  electro-stimulation,  the 
macrophages  were  washed  with  HBSS  in  centrifugation,  and  cultured  in  HBSS  suspension  with  DAF-2(10|iM) 
and  L-arginine(lmM)  two  hours  without  electro-stimulation.  After  the  two  hour  culturing,  the  supernatant  part 
was  separated  in  centrifugation.  With  a  fluorescent  photometer,  the  fluorescent  spectrum  of  the  supernatant  was 
measured.  The  supernatant  of  the  sham  group  was  collected  in  the  same  process  except  for  the  electro¬ 
stimulation,  and  the  fluorescent  spectrum  was  measured  in  the  same  way  as  the  stimulation  group. 

Figure  3  shows  an  example  of  the  measured  result.  The  abscissa  is  the  wavelength  and  the  ordinate  is  the 
fluorescent  intensity.  The  wavelength  of  the  intensity  peak  was  around  515  nm  in  both  cases.  There  was  no 
significant  change  in  the  shape  of  the  spectrum,  but  30%  decrease  in  the  intensity  was  observed  in  the 
stimulation  group.  This  suggest  the  suppression  of  NO  production  by  the  electro-stimulation.  The  same 
experiments  were  repeated  nine  times.  Figure  4  shows  the  reduction  ratios  of  the  fluorescent  intensity  between 
the  stimulation  and  the  sham  groups.  In  all  the  nine  cases,  the  fluorescent  intensity  was  decreased  by  the  electro¬ 
stimulation.  The  p-value  of  the  paired-t  test  was  1.79xl0'2,  which  suggested  the  suppression  of  NO  production 
by  the  electro-stimulation  with  a  statistical  significance. 
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Fig3.  Example  of  measured  NO  production  by 
fluorescence  spectroscopy. 
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Fig. 4  Suppression  of  NO  production. 


Effect  on  iNOS  expression 

NO  is  synthesized  in  a  macrophage  by  the  inducible  nitric  oxide  synthase  (iNOS).  To  elucidate  the 
mechanism  of  the  suppression  in  the  NO  production,  the  effect  of  the  electro-stimulation  on  the  iNOS 
expression  was  examined.  The  amount  of  the  iNOS  expression  was  evaluated  by  measuring  the  fluorescent 
intensity  in  the  indirect  immunity  fluorescent  method. [5' 61 

In  the  same  way  as  the  one  mentioned  above,  macrophages  were  collected,  separated  into  two  groups,  and 
electro-stimulation  (50Flz,  35uA/cnr,  16h)  was  applied  to  the  stimulation  group.  After  the  electro-stimulation, 
the  macrophages  were  collected  in  the  centrifugation.  With  70%  ethanol,  the  cell  membrane  was  processed  to 
enhance  its  permeation.  After  three  times  centrifugation  (400G,  5  minutes),  macrophages  were  suspended  in 
FIBSS.  We  added  the  rabbit  anti-iNOS  antibody  (BD  Biosciences)  and  kept  it  in  a  shaker  bath  at  4  °C  in  30 
minutes.  Then  we  added  20pg/ml  of  the  FITC  tagged  hircine  anti-rabbit  Ig  antibody  (MP  Biomedicals  Inc.)  and 
kept  it  in  the  shaker  bath.  Finally,  we  fixed  the  suspension  with  1%  paraformaldehyde,  and  measured  the 
fluorescent  intensity  with  a  flow  cytometer  (FACS  Calibur  Becton  Dickinson  and  Company). 

Figure  5  shows  an  example  of  the  results.  The  abscissa  is  the  fluorescent  intensity  in  an  arbitrary  unit,  and  the 
ordinate  is  the  number  of  the  cell.  The  broken  line  in  the  figure  shows  the  average  intensity  of  all  the  cells.  The 
average  values  were  79  and  65  for  the  sham  (a)  and  the  stimulation  (b)  cases,  respectively.  This  result  showed 
the  decrease  in  iNOS  expression  by  the  electro-stimulation.  The  same  experiments  were  repeated  eleven  times. 
Figure  6  shows  the  ratio  of  the  average  intensity  between  the  simulation  and  the  sham  cases.  As  shown  in  the 
figure,  the  decrease  in  fluorescent  intensity  was  observed  in  all  the  eleven  trials.  The  p-value  of  the  paired-t  test 
was  5.52><10"5.  This  suggested  that  the  iNOS  expression  was  suppressed  by  the  electro-stimulation  with 
statistical  significance. 


intensity  of  FITC(a.u.) 
(a)  sham 


intensity  for  FITC(a.u.) 
(b)  electro-stimulation 


Fig. 5  Example  of  measured  iNOS  expression  by  fluorescence  spectroscopy. 
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sample  number 

Fig. 6  Suppression  of  iNOS  expression. 


Analysis  of  dose-response 

As  the  first  step  of  quantitative  evaluation,  the  dose-response  of  these  phenomena  was  analysed.  In 
experiments,  the  amounts  of  the  NO  production  and  the  iNOS  expression  in  different  current  densities 
(0.35uA/cnr,  0.675uA/cnr,  3.5Au/cm:)  were  measured.  After  the  electro-stimulation  in  16  hours,  the  cell 
suspension  was  divided  into  two.  One  was  used  for  the  measurement  of  the  NO  production,  and  another  is  for 
that  of  iNOS  expression.  Figure  7  shows  the  results  of  the  measurements.  The  abscissa  is  the  current  density  and 
the  ordinate  is  the  fluorescent  intensity  normalized  by  that  of  the  sham  case.  The  number  of  repeated 

measurements  were  4,  6  and  4  for  the  cases  of  0.35pA/cm2  ,  0.675|iA/cm2  and  3.5pA/cm2,  respectively.  The 
result  of  35|iA/cm2  case  was  added,  in  which  the  numbers  of  the  repeated  experiments  were  11  and  9  for  NO 
and  iNOS  cases,  respectively. 

With  the  current  density  of  0.3  5p  A/cm2,  we  could  not  observe  apparent  decrease  in  either  of  the  NO  or  the 
iNOS.  With  0.675|iA/cm2,  about  5%  decrease  was  observed.  With  the  current  density  of  more  than  3.5|iA/cm2, 
more  than  15%  decrease  was  observed.  In  both  of  the  NO  and  the  iNOS,  the  threshold  of  the  suppression  seems 
to  exist  between  0. 3 5 u A/cm 2  and  3.5|iA/cm2.  The  similar  characteristics  in  the  dose-response  strongly  suggested 
the  close  correlation  between  the  suppression  of  iNOS  expression  and  that  of  NO  production. 
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Fig.  7  Analysis  of  NO  and  iNOS  suppression  effect  by  electro-stimulation. 


Discussion 

In  the  in-vitro  experiments,  it  was  found  that  the  NO  production  is  significantly  suppressed  by  the  ELF 
electro-stimulation.  This  suggested  the  possibility  to  control  the  functions  of  macrophages  by  the  electro¬ 
stimulation  applied  from  outside  the  body  using  the  apparatus  for  the  electric  field  therapy.  Since  a  macrophage 
plays  an  important  role  in  the  first  stage  of  the  immune  response,  the  electro-stimulation  can  influence  the  entire 
immune  reaction.  For  example,  we  can  expect  the  relief  from  the  following  diseases.  They  include  the  chronic 
inflammation  and  the  autoimmune  diseases  caused  by  an  excessive  immune  response.  We  can  also  expect  the 
relief  from  the  endotoxin  shock  due  to  the  excessive  NO  production,  the  etiologic  vasodilation,  the  cardio¬ 
vascular  ischemia,  the  cerebral  hemorrhage  and  the  cancers.  Moreover,  we  have  confirmed  the  suppression  of 
the  active  oxygen  production  by  the  electro-stimulation.121  Therefore,  we  can  also  expect  the  control  of  ONOO" 
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production  which  shows  high  cell-toxicity. 

However,  the  finding  of  this  study  is  only  the  result  of  in-vitro  experiments  using  macrophages.  We  need 
further  investigation  to  confirm  this  effect  with  human  macrophages,  and  the  investigation  on  this  effect  in-vivo 
where  other  kinds  of  cells  are  closely  interacted.  Yoshikawa  and  his  co-workers  reported  the  increase  of  NO 
production  in  the  liver  when  LPS  (2  mg/kg)  was  administered  by  abdominal  injection  and  the  magnetic  field 
(60Hz,  0.  lmT)  was  exposed  in  5.5  hours.  The  current  density  induced  by  this  magnetic  field  inside  the  body  is 
estimated  at  1.1  *10"8  A/cm2.  This  result  is  opposite  to  our  result.  It  seems  that  the  direct  comparison  between 
these  two  cases  is  not  appropriate,  since  the  object  cell  and  the  current  density  is  greatly  different  among  them. 

Besides  this,  there  have  been  few  reports  on  the  effect  of  ELF  electromagnetic  fields  on  the  NO  production, 
and  little  has  been  known  on  its  mechanism.  We  consider  that  the  arginine  metabolism,  iNOS  activity  and  iNOS 
expression  are  closely  associated  with  the  decrease  in  the  NO  production.  To  investigate  this  mechanism,  we 
have  compared  the  amounts  of  NO  production  and  the  iNOS  expression. 

Figure  7  shows  the  coincidence  in  the  reduction  ratio  of  fluorescent  intensity  between  NO  and  iNOS  by  the 
same  electro-stimulation.  This  result  suggests  that  the  electro-stimulation  affects  the  NO  production  through 
iNOS  expression.  The  signal  transmission  pathway  for  the  iNOS  expression  is  stimulated  by  LPS  and  IFN-y 
through  receptors  on  a  cell  membrane.  As  the  result,  a  transcription  factor  is  activated  and  the  iNOS  is 
transcribed.  In  our  study,  the  electro-stimulation  was  applied  from  the  beginning  when  we  started  the 
stimulation  with  LPS  and  IFN-y.  Therefore,  it  is  most  plausible  that  the  electro-stimulation  affects  this  process. 

However,  the  following  possibility  cannot  be  neglected.  In  the  peritoneal  exudate  cells  used  in  this  study,  about 
10%  cells  were  not  macrophages.  Since  these  non-macrophage  cells  can  affect  the  signal  transmission  pathway 
of  the  NO  production,  they  might  influence  the  mechanism  of  the  suppression  of  the  NO  production.  Therefore, 
we  have  to  examine  this  point  in  the  experiment  using  the  pure  macrophage  cells  separated  from  other  cells. 

In  our  experiment,  the  threshold  of  the  effect  was  found  between  0.35|iA/cmand  3.5|iA/cm2.  In  the  study  for 
the  biological  effects  of  ELF  electromagnetic  fields,  the  minimum  threshold  of  magnetic  field  exposure  has  been 
reported. [7]  According  to  the  report,  the  threshold  current  density  for  the  characteristic  change  in  tissues  and 
cells  was  in  the  order  of  10mA/m2  or  lpA/cm2.  Though  this  threshold  is  for  the  electric  current  induced  by 
magnetic  field,  it  is  very  close  to  our  result  in  which  the  electric  current  was  induced  by  the  electric  field. 

Conclusion 

With  the  view  toward  the  control  of  immune  functions  by  ELF  electric  field  exposure,  the  effect  of  the 
electro-stimulation  on  the  NO  production  of  macrophages  was  examined  in  vitro.  The  decrease  of  NO 
production  due  to  the  electro-stimulation  was  observed  with  statistical  significance.  In  experiments,  it  was  found 
that  the  expression  of  NO  synthesizing  enzyme  or  iNOS  was  suppressed  in  the  same  rate  as  NO  in  the  electro¬ 
stimulation.  Further  investigation  is  required  to  ascertain  this  mechanism  of  NO  suppression  and  to  verify  the 
feasibility  of  the  immune  control  by  electro-stimulation. 
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Abstract 

The  subject  of  presented  investigations  is  a  spatial  distribution  of  electromagnetic  field  (EMF)  in  the  workplace, 
in  the  vicinity  of  dielectric  heaters  where  worker’s  exposure  occurs.  Detailed  spatial  distribution  of  .E-field  in  the 
vicinity  of  4  dielectric  heaters  of  various  constructions  was  measured  and  taken  as  reference  data:  2  dielectric 
heaters  of  low  emitted  field  (1  not  shielded  and  1  shielded)  and  2  dielectric  heaters  of  high  emitted  field  (1  not 
shielded  and  1  shielded).  Numerical  simulations  of  EMF  emitted  by  numerical  model  of  such  devices  were 
carried  out  with  the  use  of  specialized  software  packages  for  EMF  simulations  based  on  various  numerical 
methods.  The  comparative  analysis  of  various  principles  for  limitation  on  workers'  exposure  to  spatially 
heterogeneous  EMF  was  taken  into  consideration  (EC  Directive,  IEEE,  IEC  and  EN  standards,  Polish 
occupational  regulation  and  standards).  The  results  of  measurements  and  numerical  modeling  of  worker's 
exposure  were  discussed,  as  well  as  the  discussion  concerning  the  worker's  protection  level  corresponding  to  the 
use  of  various  spatial  averaging  protocols  while  exposure  assessment.  The  obtained  results  have  proved  the 
practical  usefulness  of  various  calculations  methods  for  intermediate  frequency  EMF  exposure  assessment.  The 
use  of  the  Protection  Level  Factor,  defined  by  authors  for  the  analysis  of  the  protection  level  associated  with 
various  exposure  assessment  protocols  has  been  demonstrated  at  the  example  of  a  detailed  analysis  of  electric 
field  from  dielectric  heaters  and  its  various  assessment  methods.  For  example,  following  the  comparison  of 
exposure  assessment  rules  from  IEEE  standards,  EC  Directive  and  Polish  regulations  -  IEEE  rules,  which  seems 
to  be  the  most  liberal  for  1  MHz,  become  to  be  the  most  restrictive  for  the  frequency  of  27  MHz. 

Keywords:  EMF  exposure,  exposure  assessment,  measurements,  numerical  calculations,  dielectric  heaters 


1.  Introduction 

Electromagnetic  field's  (EMF's)  exposure  assessment  can  be  required  for  various  purposes,  like  occupational 
safety  and  health  (OSH)  engineering,  epidemiological  studies  of  EMF-exposed  groups,  environmental 
monitoring.  For  all  of  those  purposes,  EMF  exposure  assessment  adequate  to  the  real  exposure  level  is  the 
crucial  step  towards  appropriate  risk  assessment.  The  highest  requirements  concerning  detailed  EMF  exposure 
assessment  come  from  the  legislations  concerning  mandatory  control  of  occupational  or  environmental  EMF 
exposure.  The  highest  influence  on  the  legislative  rules  concerning  EMF  in  particular  countries  come  from 
European  Directive  2004/40/EC,  ICNIRP’s  guidelines  and  IEEE  standards.  There  are  also  many  national 
regulations  implementing  various  additional  rules  concerning  the  protecting  of  workers  against  EMF 
overexposure. 

The  provisions  of  the  Directive  2004/40/EC  are  based  on  the  ICNIRP's  guidelines  in  which  the  limit  values  of 
external  measures  of  EMF  exposure  refer  to  the  electromagnetic  fields  spatially  averaged  over  the  human  body. 
Up  to  now,  it  is  a  lack  of  European  Standards  (EN)  from  CENELEC,  harmonized  with  the  Directive  2004/40/EC 
and  focused  on  details  of  measurement's  procedures  and  assessment  of  workers  exposure.  Various  examples  of 
procedures  for  spatial  averaging  of  electromagnetic  fields  affecting  human  body  were  taken  from  the  existing 
standards  in  order  to  analyze  the  possible  practical  consequences  of  various  approaches  to  solving  this  problem. 
Analyzed  procedures  may  be  considered  as  a  possible  statement  for  future  harmonized  standards. 

The  assessment  of  the  EMF  exposure  while  hand-operating  of  the  dielectric  heaters  is  exactly  a  practical 
example  of  the  above-mentioned  problems.  Dielectric  heater's  operation  involves  putting  sticking/gluing 
components  from  thermoplastic  foil  between  electrodes  (upper  -  powered  and  lower  -  grounded)  and  switching 
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on  the  RF  power  (usually  of  the  frequency  of  27  MHz).  In  the  case  of  manual  operation,  the  worker  is  sitting  or 
standing  in  front  of  the  device,  in  the  distance  of  30  -  50  cm  from  the  electrodes. 

During  the  heating  process,  the  worker  is  exposed  to  a  spatially  heterogeneous  field  of  high  electric  field  strength 
and  relatively  weak  magnetic  component.  Usually,  it  is  a  sinusoidal  time-varying  field.  Theses  exposure 
conditions  cause  that  protocol  for  EMF  hazard's  assessment  should  include  the  real  characteristic  of  exposure 
and  that  exposure  effects  in  the  worker's  body  depend  on  the  spatial  distribution  of  the  exposure.  Such  effects  are 
well  illustrated  by  differences  in  results  of  calculation  of  SAR,  which  are  shown  on  figure  1  and  in  table  I .  The 
calculations  were  done  with  a  homogeneous  model  of  worker's  body,  in  a  sitting  position,  grounded  and  exposed 
to  electric  fields  from  the  model  of  dielectric  heater  or  in  spatially  uniform  (homogeneous),  vertically  polarized 
field.  Both  fields  are  of  the  same  field  strength  at  reference  point  located  in  vertical  axe  of  torso  of  the  body 
model,  at  height  of  powered  electrode  of  a  dielectric  heater.  The  calculations  results  of  SAR  values  were 
normalized  by  the  whole  body  SAR  (taken  as  1 00%)  in  worker's  body  exposed  to  an  uniform  field,  because  such 
exposure  scenario  is  usually  taken  for  calculations  of  relation  between  external  (E  field)  and  internal  (SAR) 
limitations  for  permissible  EMF  exposure. 


Fig  1.  SAR  distribution  in  homogeneous  grounded  model  of  sitting  worker  exposed  to  EMF:  a)  in  front  of 
dielectric  heater;  b)  in  vertically  polarized  uniform  field 


Table  1. 


Results  of  SAR  calculations  for  homogeneous  grounded  model  of  sitting  worker 


SAR.  relative  value,  % 

exposure  from  dielectric 
heater 

exposure  in  vertically 
polarized  uniform  field 

SAR  -  max  (lOg)  local  value  in  the  body  model 

170 

1350 

SAR  -  value  averaged  over  whole  body 

14 

100 

However,  the  spatial  distribution  of  SAR  calculated  for  both  cases  is  rather  comparable  with  the  highest  exposure 
effects  localized  in  ankles,  the  absolute  level  of  SAR  values  are  app.  10-fold  higher  in  the  case  of  uniform  field 
exposure.  Various  approaches  to  assessment  of  spatially  heterogeneous  EMF  exposure  in  the  workplace,  where 
exposure  conditions  are  similar  to  that  in  the  vicinity  of  dielectric  heaters,  were  analysed.  Exposure  limitations 
and  exposure  assessment  protocols  fixed  by  the  EC  Directive,  EN,  IEC,  IEEE  standards  and  occupational 
regulation  and  standards  established  in  Poland,  were  taken  into  consideration. 


2.  European  Directive  2004/40/EC  and  European  Standards 

European  Directive  2004/40/EC  on  minimum  health  and  safety  requirements  regarding  the  exposure  of  workers 
to  the  risk  arising  from  electromagnetic  fields  (EMFs)  was  established  in  2004  as  the  18lh  individual  Directive 
within  the  meaning  of  Article  16(1)  of  Framework  Directive  89/391/EEC  [1].  The  EMF's  Directive  requires  that 
employers  undertake  risk/exposure  assessments  using  detailed  procedures  from  harmonized  European  Standards 
given  by  the  European  Committee  for  Electrotechnical  Standardisation  (CENELEC),  which  have  not  been 
published  yet.  This  Directive  specifies  the  minimum  requirements,  thus  giving  Member  States  the  option  of 
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maintaining  or  adopting  more  favorable  provisions  for  the  protection  of  workers,  in  particular  the  fixing  of  lower 
values  for  the  action  values  or  the  exposure  limit  values  for  electromagnetic  fields.  The  implementation  of  this 
Directive  should  not  serve  to  justify  any  regression  in  relation  to  the  situation  which  already  prevails  in  each 
Member  State. 

The  Member  States  should  implement  the  provisions  of  the  Directive  into  national  legislation  by  April  2008  and 
should  consider  them  as  minimal  requirements  against  occupational  risks  due  to  exposure  to  EMFs.  Detailed 
comparative  analysis  of  protection  levels  coming  from  the  Directive's  provisions  and  provisions  of  existing 
national  regulations  and  existing  national  and  international  standards  is  very  impeded  because  of  the  lack  of 
above  mentioned  European  Standards.  From  the  formal  point  of  view,  until  harmonized  European  standards 
from  CENELEC  cover  all  relevant  assessment,  measurement  and  calculation  situations,  worker's  EMF  exposure 
assessment  may  be  carried  out  in  accordance  with  other,  e.g.  national  scientifically-based  standards  and 
guidelines.  Such  practice  is  not  guaranteeing  that  results  of  exposure  assessment  carried  out  according  to  various 
protocols  will  provide  comparable  conclusions  concerning  the  level  of  EMF  hazard  in  the  workplace. 


2.1.  EMF  exposure  limitations  established  by  Directive  2004/40/EC 

The  employer  shall  assess  and,  if  necessary,  measure  and/or  calculate  the  levels  of  EMFs  to  which  workers  are 
exposed.  According  to  the  obligations  arising  out  of  the  Directive,  workers  shall  not  be  exposed  above  the 
exposure  limit  values  in  any  event.  Additionally,  action  values  were  defined  for  testing  and  assessing 
environmental  conditions  in  the  workplace.  On  the  basis  of  the  assessment  of  the  levels  of  EMF,  if  the  action 
values  (external  measures  as:  electric  field  strength,  E,  and  magnetic  field  strength,  H,  in  the  workplace)  are 
exceeded,  the  employer  shall  assess  and,  if  necessary,  calculate  whether  the  exposure  limit  values  (internal 
measures  of  maximum  permissible  exposure  effects  in  exposed  worker’s  body  as:  induced  current  density,  J,  and 
specific  energy  absorption  rate  SAR)  are  exceeded. 

The  action  values  are  obtained  from  the  exposure  limit  values  according  to  the  rationale  presented  in  ICNIRP’s 
guidelines  [3],  External  measures  are  provided  strictly  as  an  aid  for  practical  exposure  assessments,  to  determine 
whether  the  internal  measures  are  likely  to  be  exceeded.  Overexposure  concluded  from  EMF  measurements  in 
the  workplace  do  not  guarantee  that  limit  values  are  exceeded  in  exposed  body. 

The  limit  values  for  electric  field  strength  from  the  intermediate  frequency  range  are  presented  within  frequency 
ranges  from  table  2.  The  same  values  were  mentioned  in  the  ICNIRP's  guidelines,  as  reference  values. 


Table  2. 


The  exposure  limitations  referring  to  external  measures  of  the  EMF  exposure  (unperturbed  RMS  values)  -  action 
values  from  the  Directive  2004/40/EC 


Frequency  range 

Electric  field  strength,  E 
[V/m] 

0.82  kHz  -  1  MHz 

610 

1  -  10  MHz 

610//' 

10-400  MHz 

61 

/  -  frequency  in  MFlz 


As  these  values  were  calculated  for  the  frequencies  above  100  kHz  to  protect  against  the  thermal  effect  inside  the 
exposed  body,  electric  field  from  the  workplace  should  be  spatially  -  and  time  -  averaged  for  the  analysis  of  the 
compliance  with  the  internal  measures'  limitations.  Currently,  there  is  a  lack  of  European  exposure  standards 
harmonized  with  above  mentioned  directive.  Protocols  from  existing  product  standard  concerning  the  analysis  of 
compliance  with  ICNIRP’s  guidelines  for  general  public  exposure  assessment,  obligatory  for  testing  products 
emitting  EMF  before  entrance  to  European  market  (emission  product  standard),  can  be  considered  as  a  possible 
source  of  the  protocol  for  the  analysis  of  compliance  with  the  Directive's  provisions. 

2.2.  Spatial  averaging  from  the  EN/IEC  product  standards 

The  method  of  spatially  averaging  of  the  results  of  measurements  of  EMF  is  presented  in  the  European  standard 
EN  50357  [2]  and  IEC  Standard  62369-1  [4]  for  testing  the  compliance  with  reference  values  (external  measures 
published  by  ICNIRP).  Following  the  provisions  of  these  standards,  the  torso  is  the  most  appropriate  part  of  the 
body  to  be  assessed  and  the  grid  from  Figure  2  should  be  used.  The  position  of  the  grid  in  relation  to  the  unit 
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under  test  can  vary  according  to  the  typical  usage  of  the  EMFs  emitting  unit,  e.g.  the  height  Z  should  be 
modified  for  the  assessment  of  a  sitting  person  exposure.  The  layout  and  dimensions  of  the  grid  shall  remain 
identical. 

For  assessment  referring  to  the  EMF  exposure  of  torso,  the  EMF's  spatial  distribution  should  be  measured  in  45 
grid  points.  The  result  of  the  arithmetic  average  of  the  measured  E  values  should  be  compared  with  the  limit 
value  from  ICNIRP's  guidelines.  In  the  exceptional  cases  where  the  exposure  is  predominately  to  the  head,  then 
the  grid  located  in  a  position  referring  to  the  head  must  be  used. 


Fig.  2.  Torso  measurement  grid  for  spatially  averaged  measurements  according  to  EN  50357  or  IEC  62369-1 

(normative  dimensions:  a,  b,  c  =  15  cm;  Z  =  85  cm) 


3.  EMF  exposure  limitations  and  assessment  by  IEEE  standards 

IEEE  Std  C95.1-2005[5]  provides  the  recommendations  to  minimize  aversive  or  painful  electro  stimulation  in 
the  frequency  range  of  3  kHz  to  5  MHz  and  to  protect  against  adverse  heating  in  the  frequency  range  of  100  kHz 
to  300  GHz  similar  to  ICNIRP's  rationale.  The  recommendations  are  expressed  in  the  terms  of  basic  restrictions 
(BRs)  and  maximum  permissible  exposure  (MPE)  values.  The  BRs  are  limits  on  fields  induced  in  the  body, 
specific  absorption  rate  (SAR),  and  current  density.  The  MPEs  are  derived  from  the  BRs.  The  MPE  values  for 
electric  field  strength  from  the  intermediate  frequency  range  are  presented  within  frequency  ranges  from  table  3. 


Table  3. 

Electric  field  maximum  permissible  values  (MPE)  from  IEEE  STd  C95. 1-2005 


Frequency  range 

Electric  field  strength,  E 
[V/m] 

3  kHz  -  1  MHz 

1842 

1  -  30  MHz 

1842 If 

30-  100  MHz 

61.4 

/  -  frequency  in  MHz 


For  spatially  heterogeneous  exposures,  the  mean  values  of  the  incidental  fields  should  be  obtained  by  spatially 
averaging  the  squares  of  the  field  strengths.  The  IEEE  Std  C95. 3-2002  [6]  standard  provides  details  concerning 
exposure  assessment  protocol  for  testing  compliance  with  IEEE  Std  C95. 1-2005  provisions. 


3.2.  Spatial  averaging  from  the  IEEE  exposure  assessment  standard 

According  to  IEEE  Std  C95. 3-2002  [6],  for  the  measurement  of  electric  or  magnetic  fields,  carried  out  for  the 
assessment  of  the  whole-body  exposure,  spatial  averaging  of  the  measurement's  results  means  the  root  mean 
square  of  the  field  over  an  area  equivalent  to  the  vertical  cross  section  of  the  adult  human  body.  The  spatial 
average  can  be  measured  by  scanning  (with  a  suitable  measurement  probe)  a  planar  area  equivalent  to  the  area 
occupied  by  a  standing  adult  human  (projected  area).  In  the  majority  of  cases,  a  simple  vertical,  linear  scan  of  the 
fields  over  a  2  m  height  through  the  center  of  the  projected  area  will  be  sufficient.  IEEE  document  doesn’t 
describe  details  how  to  do  spatial  averaging. 
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4.  Workers  EMF  exposure  limitations  and  assessment  standards  in  Poland 

The  occupational  safety  and  health  (OSH)  legislation  in  Poland  concerns,  among  others,  ambient  environmental 
factors,  electromagnetic  fields  at  workplace.  Regulations  concerning  occupational  exposure  to  EMF  of  0  Hz  - 
300  GHz  frequency  range  have  been  in  force  since  1972  in  Poland  as  mandatory  legislation  (current  ed.  -  PL 
Journal  of  Laws  217/2002,  item  1833  [8]).  Regulations  are  periodically  revised  and,  if  necessary,  updated  under 
the  umbrella  of  Interdepartmental  Commission  for  Maximum  Admissible  Concentrations  and  Intensities  for 
Agents  Harmful  to  Health  in  the  Working  Environment,  which  is  the  scientific  advisory  body  established  by  the 
Prime  Minister  of  the  Polish  Government. 

The  main  base  for  all  EMF  regulations  in  Poland  was  taken  from  the  thresholds  of  thermal  and  nerve  excitation 
effects,  similarly  to  ICNIRP's  approach  implemented  by  the  Directive  2004/40/EC.  As  periodical  assessment  of 
EMF  exposure  level  in  the  workplace  is  mandatory  in  Poland,  the  regulations  refer  directly  to  external  measures 
only  ( E ,  H).  The  internal  measures  (J,  SAR )  were  not  directly  introduced  into  published  regulations  since  there  is 
no  possibility  to  measure  them  in  real  conditions.  However,  the  permissible  internal  measures  of  exposure  effects 
defined  by  ICNIRP's  guidelines  (EC  Directive)  and  IEEE  Standards  were  used  as  an  important  contribution  to 
theoretical  rationale  for  the  level  of  prohibited  exposure  to  EMF's  of  various  frequencies,  drafted  as  scientific 
background  for  above  mentioned  national  legislation. 

Following  the  above-mentioned  regulation  and  Polish  Standard,  the  strength  of  electric  and  magnetic  fields  ( E , 
II).  the  frequency  of  these  fields  (/)  and  workers'  exposure  duration  (t  and  exposure  factor  W),  should  be  taken 
into  consideration  for  occupational  EMF  exposure  assessment.  The  main  provisions  include: 

-  high  exposure  -  Workers  without  protective  clothes  should  not  have  been  allowed  to  access  to  the  area  of  EMF 
higher  than  the  level  of  prohibited  exposure  (table  4)  -  the  exposure  level  harmonized  with  the  permissible 
internal  measures  from  ICNIRP/EC  Directive. 

-  medium  exposure  -  The  range  of  exposure  level  of  permissible  EMF  exposure  duration  shorter  than  8  hours.  In 
the  case  that  both  electric  and  magnetic  fields  are  relatively  high,  the  exposure  factor  defining  the  permissible 
exposure  duration  is  the  sum  of  components  from  both  fields  of  the  frequency  up  to  3  GHz.  The  8-hours 
permissible  exposure  level  is  the  equivalent  for  ICNIRP/EC  Directive  external  measures'  limitation  (table  4). 


Table  4. 


Electric  field  strength  -  exposure  limitation  established  in  Poland  (external  measures) 


Frequency  range 

Electric  field  strength,  E 

rv/mi 

prohibited  exposure 

8  hours  exposure 

1  kHz  </<  3  MHz 

1000 

100 

3  MHz  </ <15  MHz 

3000 If 

300 If 

15  MHz  </<  150  MHz 

200 

20 

/  -  frequency  in  MHz 


4.1.  Protocol  from  the  Polish  Standard  PN-T-06580  for  workers  exposure  assessment 

Polish  Standards  determine  the  protocols  how  to  do  EMF  measurements  and  workers  exposure  assessment 
(PN-T-06580:2002,  revised  in  2002  [7]).  Worker’s  exposure  assessment  should  be  performed  on  the  results  of 
spot  measurements  of  RMS  value  of  electric  and/or  magnetic  field  strength.  The  maximum  value  over  the 
worker’s  body  position  in  the  workplace  should  be  considered  for  testing  the  compliance  of  EMF  exposure 
condition  with  OSH  regulations.  In  practice,  it  is  usually  the  maximum  value  of  measured  electric  or  magnetic 
field  strength  in  the  vertical  axis  of  worker's  body,  up  to  2  m  height. 


5.  Method 

The  EMF  exposure  of  workers  can  be  evaluated  following  the  results  of  calculations  in  the  case  when  for  a 
particular  workplace  the  exposure  assessment  on  the  basis  of  EMF  measurements  is  not  adequate.  Such 
situations  occur  when  EMF’s  distribution  is  highly  heterogeneous,  a  worker  operates  close  to  the  field  source  or 
his  body  is  in  contact  with  it.  Such  exposure  assessment  needs  appropriate  modeling  of  EMF  source  -  for 
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assessment  considering  external  measures  and  additionally  appropriate  modeling  of  workers  body  -  for 
assessment  considering  internal  measures  limitation. 

The  subject  taken  for  the  investigations  presented  has  been  a  spatial  distribution  of  electric  field  in  the  workplace 
in  the  vicinity  of  dielectric  heaters  where  worker’s  exposure  occur. 

A  detailed  spatial  distribution  of  is-field  in  the  vicinity  of  4  dielectric  heaters  of  various  construction  was 
executed:  2  dielectric  heaters  of  low  level  of  emitted  field  -  1  not  shielded  (M-ml)  and  1  shielded  (M-m2);  2 
dielectric  heaters  of  high  level  of  emitted  field  -  1  not  shielded  (M-dl)  and  1  shielded  (M-d2).  Measurements 
were  done  by  RMS  value  meter  with  isotropic  probe.  Three  dimensional  components  (X,  Y  and  Z)  of  electric 
field  strength  have  been  recorded  online  using  notebook  computer.  The  recording  system  is  shown  on  figure  3.  A 
measuring  probe  was  placed  in  succeeding  appointed  points  along  measuring  lines.  The  registration  of  only  one 
single  pulse  was  done  at  each  measurement  point. 


measurement  point's 
location  in  the  workers 


Fig.  3.  Online  registration  system  used  for  EMF  measurement  for  data  -  acquisition  in  the  vicinity  of  real 

dielectric  heater. 

Numerical  simulations  were  carried  out  with  the  use  of  specialized  software  packages  for  EMF  simulations 
based  on  various  numerical  methods: 

OPERA  3D  v.  8.7  (Vector  Fields  Ltd,  United  Kingdom)  -  specialized  for  finite  element  method  -  FEM 
CST  MICROWAVE  and  EM  STUDIO  (CST  -  Computer  Simulation  Technology  -  Germany)  -  specialized 
for  finite  integration  technique  -  FIT. 

The  geometrical  model  of  dielectric  heater  is  shown  in  figure  4.  EMF's  source  for  this  numerical  modeling  was 
created  by  powered  electrode  of  1  kV  electrical  potential. 


Fig.  4.  Geometrical  model  of  dielectric  heater. 
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6.  Results 

Spatial  distribution  of  E  field  in  the  vicinity  of  dielectric  heater  obtained  from  calculations  and  measurements 
have  been  averaged  over  the  volume  of  worker’s  torso  (following  EN/IEC  standards’  protocol)  and  over  the 
vertical  axis  of  workers  body  position  (following  IEEE  standard  protocol).  Averaging  of  measurements  results 
have  been  carried  out  on  the  base  of  maximum  values  registered  from  each  welding  pulses.  The  results  were 
presented  in  fig.  5  as  values  relative  to  the  maximum  value  over  the  workers  body  which  is  taken  for  exposure 
assessment  following  the  protocol  established  by  Polish  Standard  PN-T-06580.  Bars  representing  various 
measurements  result’s  averaging  are  labeled  in  figure  5  as  M-ml;  M-m2;  M-dl  and  M-d2  (with  above 
mentioned  meaning).  Bars  representing  averaging  of  calculation’s  results  are  labeled  as  follow:  C-sl  -  from 
Opera  software,  C-s2  -  from  CST  MW  and  C-s3  -  CST  EM. 


Eaver/Emax 


□  IEEE  □  EN/IEC 


Fig.  5.  Spatial  averaging  over  the  workplace  the  //-field  from  dielectric  heaters 

The  data  concerning  //-field  spatial  distribution,  obtained  from  simulations  with  the  use  of  very  simple  model  of 
EMF  source  and  various  software,  averaged  over  the  workers  body  presented  the  similar  relation  to  maximum 
value  of  E  field  at  workplace  (0.43-0.51)  as  the  ratio  observed  among  the  measurement  results  from  real 
workplace  (0.35-0.85).  Thanks  to  this  fact,  obtained  results  of  calculations  suggest  that  various  numerical 
simulations’  methods  could  be  acceptable  for  calculations  executing  for  the  assessment  of  intermediate 
frequency  EMF  occupational  exposure.  Very  simple  models  of  EMF  source  can  be  also  accepted,  but 
“calibration”  of  the  calculation  results  has  to  be  done  by  the  comparison  with  measurement  results  to  obtained 
confirmation  concerning  the  absolute  values  of  exposure  level  (//-field). 

For  a  deeper  analysis  of  the  practical  consequences  of  the  use  of  various  exposure  assessment  protocols  and  limit 
values,  the  protection  level  coefficient  can  be  consider.  Protection  Level  Factor  (PLF)  can  be  define  as  the  ratio 
of  the  exposure  estimator  taken  for  exposure  assessment  on  the  basis  of  particular  exposure  assessment  protocols 
(e.g.  various  spatial  averaging  protocols  above  mentioned),  divided  by  exposure  limitation  harmonized  with  this 
protocol  (e.g.  E  field  averaged  following  the  protocol  from  IEEE  C95.3  divided  by  limit  value  fixed  by  IEEE 
C95.1).  With  such  definition,  PLF  of  higher  value  correspond  to  the  more  restrictive  exposure  assessment  rules, 
or  in  other  word,  higher  protection  level. 

The  practical  usefulness  of  the  analysis  of  various  exposure  assessment  rules  with  the  use  of  PLF  value  can  be 
show  at  the  example  of  electric  fields  of  spatial  distribution  like  in  the  vicinity  of  dielectric  heaters  and 
maximum  value  at  the  axis  of  worker’s  torso  of  1000  V/m,  assessed  following  the  limit  values  from  tables  2-4. 
The  field  taken  for  the  analysis  can  be  described  by  max  value  of  1000  V/m,  value  averaged  following  IEEE 
rules  of  700  V/m  and  value  averaged  following  EN/IEC  rules  of  500  V/m.  For  such  values,  in  the  case  of  electric 
field  of  frequency  of  1  MHz,  PLF  values  are:  for  the  exposure  assessment  rules  established  by  the  European 
Directive  and  EN/IEC  standards  -  PLF(EC,  1MHz)  =  0.8;  for  exposure  assessment  rules  established  by  IEEE 
standards  -  PLF(IEEE,  1MHz)  =  0.4  and  for  exposure  assessment  rules  established  in  Poland  as  the  threshold  of 
prohibited  exposure  -  PLF(PL,  1MHz)  =  1.  In  the  case  of  electric  field  of  27  MHz  PLF  values  have  different 
order:  PLF(EC,  27MHz)  =  8;  PLF(IEEE,  27MHz)  =  10;  PLF(PL,  27MHz)  =  5  -  IEEE  rules,  which  seems  to  be 
the  most  liberal  for  1  MHz,  become  to  be  the  most  restrictive  for  the  frequency  of  27  MHz. 
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7.  Conclusion 

These  investigations  can  support  the  work  on  methods  of  numerical  simulations  for  the  routine  assessment  of 
worker’s  exposure  to  EMF  from  intermediate  frequency  range.  There  is  relatively  a  wide  gap  of  experience  of 
“numerical”  assessment  of  worker’s  exposure  to  EMF  from  intermediate  frequency  range  in  comparison  with  the 
huge  amount  of  data  concerning  power  frequency  and  microwave. 

The  selection  of  geometry  of  EMF  source's  models,  as  well  as  the  selection  of  numerical  simulations  methods 
can  significantly  influence  on  the  level  of  obtained  results,  however  the  relative  spatial  distribution  of  E-field 
could  be  similar. 

Presented  methodology  of  analysis  of  the  protection  level  which  is  associated  with  various  exposure  assessment 
protocols  can  be  use  for  detailed  comparative  analysis  of  various  exposure  limitation  standards,  legislation  or 
guidelines.  The  overall  analysis  should  consider  not  only  the  spatial  averaging  of  incidental  fields  but  also  rules 
of  time -averaging  of  non-continuous  exposure,  calibration  of  measurement  devices  for  non-sinusoidal  fields,  etc. 
components  of  exposure  assessment  protocols. 
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ABSTRACT 

The  present  work  deals  with  the  active  suppression  of  an  electromagnetic  field  (EMF)  of  complicated  multi¬ 
circuit  transmission  lines  and  its  practical  realization.  This  research  is  the  continuation  of  a  previous  one  [1],  in 
which  more  simple  case  of  only  one  (single)  transmission  line  EMF  was  investigated  and  a  method  of  its 
suppression  proposed. 

In  double  circuit  transmission  systems,  for  instance,  the  EMF  has  an  elliptic  space-time  characteristic,  as 
the  big  and  small  axes  of  the  ellipse  can  be  approximately  of  the  same  lengths. 

The  active  suppression  of  an  EMF  in  such  cases  can  be  carried  out  by  means  of  two  loops  installed  in 
parallel  to  the  transmission  lines  having  independent  automatic  control  of  the  currents  in  each  loop. 

The  method  of  calculating  the  EMF  of  the  transmission  system  and  of  the  loops  and  the  computer  program 
for  performing  such  calculations,  have  been  developed  in  this  work.  Based  on  these  calculations,  loop 
parameters  and  their  arrangement  in  space  may  be  determined. 

As  a  result  of  the  research,  a  practical  application  (pilot  installation-  see  the  pictures)  of  the  suppression  of 
EMF,  induced  by  a  high  voltage  (160kV)  double  transmission  line  in  an  office  building  of  an  industrial  zone  of 
the  city  of  Rosh  Haayin  has  been  performed.  Two  loops  located  along  the  protected  office  have  been  installed 
and  activated  by  a  control  system.  The  experimental  results  of  such  protection  were  in  very  good  agreement 
with  the  theoretical  predictions.  The  electromagnetic  field  in  various  points  of  the  protected  office  has  been 
reduced  3-10  times,  so  that  the  suppressed  EMF  became  less  than  the  permissible  value. 

INTRODUCTION 

In  the  previous  research  [1]  it  was  shown  that  the  space-time  characteristic  of  the  EMF  of  a  single  transmission 
line  has  very  narrow  elliptic  form.  It  was  also  shown  that  the  suppression  of  such  EMF  could  be  done  by  using  a 
single  loop,  whose  space-time  characteristic  is  a  straight  line.  The  suppression  is  achieved  when  the  parameters 
of  the  loop  (its  ampere -turns  and  position  in  the  space)  are  chosen  in  such  a  way  that  its  straight-line- 
characteristic  coincides  with  the  big  axis  of  the  elliptic-characteristic  of  the  transmission  line  EMF  and  equals  it 
in  length.  The  two  EMF’s  of  the  line  and  the  loop  of  course  have  to  be  of  opposite  phases. 

ELECTROMAGNETIC  FIELD  GENERATED  BY  A 
COMPLICATED  POWER  LINE 

Let  us  now  analyze  a  double-circuit  transmission  line  having  any  phase  sequence.  Fig.  1  shows  such  a  line  going 
in  parallel  to  a  four  story  building. 
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Fig.l  Three-phase  double-circuit  power  line  and  a  protected  building 


Let  P(y,  Z )  be  the  point,  where  we  wish  to  calculate  the  magnetic  field  (the  point  of  observation),  where 
y,  z  are  the  coordinates  of  the  point  of  observation.  (In  this  case  the  observation  point  is  located  on  the  third 
floor). 

In  accordance  to  the  Biot-Savart  law  the  magnetic  flux  density  produced  by  an  infinite  conductor  is: 

Mo  [m  sin(fttf  -  a) 

In  R(y,z ) 

where  jU0  is  the  magnetic  permeability  of  air,  /  sin(®/  —  Cl )  is  the  current  carried  by  the  conductor  and 


Rt(x  ,Z~)  is  the  distance  from  /-phase  to  the  point  of  observation. 

Ri  ( y, z)  =  V(u  (t)2+(z/<>))2  ,  (2) 

where  y.  —y  —  Yi,  z;.(z)  =  z  —  Z(  and  Yj  and  Zj  are  coordinates  of  an  /-phase. 

Then  the  vertical  and  horizontal  components  of  EMF  are  defined  by  the  expressions: 

BVl(y,z,t)  =  Bliy,z,t)-Z^L 

T  ® 

BHt  ( y,  z,  t )  =  Bi  ( v,  z,  t )  Z‘  z 

Ri(y,z) 

The  sum  of  the  vertical  and  horizontal  components  at  point  P(y,  z)  for  a  three-phase  double-circuit  line  is 

BV(y,z,t)  =  YJ  BHi  (y,  z,  t ) 

given  by:  (4) 

BH(y,z,t)  =  YJ  BHi  (y,z,  t) 

1=1 

With  the  vertical  and  horizontal  components  (4)  the  space -time  characteristic  of  the  transmission  lines  EMF  is 
built  and  shown  in  Fig.2.  As  can  be  seen,  the  obtained  ellipse  is  pretty  wide  so  that  the  successful  suppression  of 
EMF  by  use  of  only  one  loop  cannot  be  achieved. 
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BH(y,z,t) 

Fig.  2  An  elliptic  characteristic  of  EMF 


In  Fig.3  the  above  two  components  (4)  are  shown  as  functions  of  the  distance  from  the  office  wall,  parallel 
to  the  transmission  lines,  along  they-axes,  and  in  Fig.  4  they  are  shown  along  the  z-axis  from  the  floor  up  to  the 
ceiling.  The  origin  of  these  coordinates  is  located  at  the  point  of  the  location  of  the  sensor,  which  activates  the 
control  system). 


y 

Fig.  3  Effective  values  of  transmission  lines’  EMF  inside  the  office:  1-horisontal,  2-vertical  components 


mG(rms) 


BVe(y,zl),BHe(y,z2) 


Fig.  4  Effective  values  of  transmission  lines’  EMF  in  the  office  versus  height:  1-horisontal,  2-vertical 

components 
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Both  components  of  the  EMF,  of  course,  can  be  measured  and  compared  with  the  one  computed  and,  if  the 
line  currents  and  the  phase  sequences  are  presented  by  their  actual  values,  the  computed  values  (Figs  3  and  4) 
should  be  in  agreement  with  the  measured  ones.  Now,  being  sure  that  the  picture  of  the  EMF  is  correct  we  can 
design  the  compensation  loops. 

ELECTROMAGNETIC  FIELD  GENERATED  BY  COMPENSATING  LOOPS 
Since  the  EMF  of  a  two-circuit  transmission  system  is  expressed  by  the  wide  ellipse,  as  is  mentioned  above,  the 
suppression  of  such  a  field  should  be  performed  by  means  of  two  perpendicular  loops,  as  shown  in  Fig.  5.  In  this 
case  the  protected  area  is  the  office  of  ECTEL  Company.  (The  position  of  the  sensor,  whish  activates  the 
automatic  control  system,  is  indicated  by  ©) 


side  view 


Fig.  5  The  position  of  the  protecting  loops 

The  EMF  of  these  loops  is  calculated  as  a  sum  of  the  vertical  and  horizontal  components  of  all  four  lines: 

BVl(y,z,t)  =  YjBVu(y,z,t) 

i=i 

4  (5) 

BH,  ( y ,  z,  0  =  J  BHu z’  ^ 

i= 1 

The  suppressed  field  ( BVs(y,Z,t ),  BHs(y,Z,t ))  is  then  obtained  as  a  sum  of  the  vertical  and  horizontal 
components  of  the  transmission  line  system  ( BV(y,z,t ),  BH(y,z,t ))  and  the  loop  system 
(BVI(y,z,t),  BHI(y,z,t ))  : 

BVs(y,z,t)  =  BV(y,z,t)  +  BVl(y,z,t) 

BHs(y,z,t)  —  BH(y,z,t)  +  BHl(y,z,t) 

As  it  was  already  mentioned,  the  vertical  loop  (loop  1)  should  be  positioned  in  such  a  way  that  its 
characteristic  (line  2  in  Fig.  6a)  will  coincide  with  the  big  axes  of  the  ellipse  (line  1  in  Fig.  6a).  The  resulting 
EMF  is  also  shown  in  Fig.  6a  as  line  3,  which  actually  is  an  ellipse,  but  due  to  the  relatively  small  scale  looks  as 
a  line.  Then  the  horizontal  loop  (loop  2)  is  designed  and  positioned  in  such  a  way  that  its  characteristic  (line  2  in 
Fig.  6b)  coincides  with  the  small  axis  of  the  original  ellipse  (line  1  in  Fig.  6a).  Note  that  this  small  axes  after  the 
first  compensation  turns  into  the  big  one,  as  shown  in  Fig.  6b  (1).  (Also  note  that  line  3  in  Fig.  6a  now  looks  like 
an  ellipse  in  Fig.  6b  due  to  the  larger  scale).  After  the  second  compensation  (by  loop  2)  the  resulting  EMF  is 
suppressed  up  to  the  very  small  ellipse  (3),  which  again  looks  like  a  straight  line. 
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Fig.  6  The  field  characteristics  of  the  transmission  lines  (1)  and  the  loops  (2  and  3) 


The  resulting  curves  of  the  suppressed  field  (curves  1)  and  the  curves  of  the  original  field  (curves  2)  are 
shown  in  Fig.  7a  and  b.  It  should  be  mentioned  that  the  minimum  point  of  the  suppressed  EMF  is  at  the  position 
of  the  sensor.  Therefore,  by  choosing  this  position  we  can  influence  the  distribution  of  the  suppressed  field 
along  the  office/home. 

mG(rms)  m 


y 


BeCy^zl),  Bek2(yJz2) 


(a)  (b) 

Fig.  7  The  EMF  distribution  inside  the  office:  versus  the  distance  from  the  wall  (a)  and  the  height  (b)  (1 -original 

field,  2-suppressed  field) 

PRACTICAL  REALIZATION 

For  checking  and  proving  the  proposed  method  of  EMF  suppression  an  experimental  sample  of  a  suppressing 
system  to  protect  an  office  (of  ECTEL  Company  in  Rosh  Haain)  was  projected  and  installed.  The  front  of  the 
office  building  and  the  loop  installation  is  shown  in  Fig.  8.  The  same  installation  as  seen  from  the  corner  of  the 
building  and  the  transmission  line  are  shown  in  Fig.9. 

The  resulting  curves  of  the  suppressed  EMF  along  the  protected  office  along  with  the  original  EMF  (before  the 
compensation)  are  shown  in  Fig.  10a  and  b:  the  calculated  curves  (a)  and  measured  (b).  As  can  be  seen,  there  is 
a  good  agreement  between  the  theoretical  and  practical  results.  The  remaining  EMF  inside  the  office  does  not 
exceed  2.5mG,  which  is  the  required  norm  [3]. 
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Fig.  10  The  resulting  curves  of  the  EMF:  calculated  (a)  and  measured  (b)  (1-original  field,  2-suppressed  field) 


SUMMARY 

The  method  of  active  suppression  of  the  EMF  induced  by  a  complicated  system  of  high  voltage,  large 
power  transmission  lines  is  developed  and  practically  performed. 

It  is  shown  that  in  such  cases  the  protecting  system  comprises  two  compensating  loops,  which  should  be 
arranged  in  space  perpendicularly  to  each  other,  usually  one  lies  in  the  vertical  plane  and  the  second  one  in  the 
horizontal  plane. 

The  pilot  installation,  based  on  the  proposed  method,  was  performed  and  tested  on  one  of  the  offices  in  the 
building,  located  near  to  a  high  voltage  transmission  system. 

The  pilot  performances  are  very  successful:  the  original  EMF  has  been  suppressed  3-7  times,  so  that  the 
remaining  EMF  is  of  2-2. 5mG,  which  is  required  the  norm. 
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Abstract 

The  quick  growth  of  mobile  communication  has  led  to  investigate  the  possible  adverse  effects  on  public 
health.  It  spite  of  security  regulation  norm  for  public  exposure  by  governments  from  different  country  all  around 
the  world,  the  current  controversy  lies  now  on  the  possibility  that  the  ELF  could  produce  biological  non-thermal 
effects.  Nowadays  some  scientists  are  concerned  about  the  possible  impact  of  ELF  fields  of  mobile  phone. 
Magnetic  ELF  component  are  mainly  generated  by  supply  current  in  the  phone. 

In  order  to  achieve  a  practical  conclusion  about  sensitivity  of  nervous  system  to  cell  phone,  the  magnetic 
flux  density  in  217Hz  and  its  harmonics  from  cell  phone  battery  current  were  measured  and  these  data  will  be 
used  for  stable  magnetic  field  coil  that  made  electrically  for  studying  the  effects  of  environmental  ELF  fields  on 
bioelectric  activity  of  nerve  cell. 

For  measuring  ELF  fields  of  cell  phone  resulted  from  battery  current,  an  on-made  search  coil  was  provided 
and  calibrated  precisely  under  several  experimental  conditions.  Using  Fast  Fourier  Transform  (TNM-DSO 
Software)  the  power  spectrum  of  induced  voltage  in  search  coil  was  analyzed  and  the  amplitudes  of  217Hz  and 
its  harmonics  were  extracted,  considering  the  difference  between  induced  voltage  in  search  coil  and  magnetic 


33 


M.  LAK,  M.  KAVIANI  MOGHADAM,  M.  JANAHMADI,  S.M.P.  FIROOZABADI 


flux  density  of  cell  phone  in  217Hz  component  and  its  harmonics,  we  measured  a  range  of  power  variation  in 
different  times  of  the  day. 

The  results  of  this  study  suggest  that,  ELF  B-field  of  cell  phone  was  not  the  same  in  different  points.  These 
findings  emphasize  the  need  for  caution  and  regard  all  variations  of  power  range  during  the  different  time  of  the 
day  when  biological  effect  of  magnetic  fields  from  cell  phone  is  studied.  To  reach  windowing  effect,  we  must 
consider  the  physical  characteristics  of  fundamental  component  wave  (217Hz)  and  its  harmonics  produced  by 
mobile  phone  accurately  near  to  real  one  in  exposure  system. 

Keywords:  Mobile  phone,  ELF  magnetic  fields,  217Flz 

Introduction 

Modern  technology  offers  powerful  tools  to  stimulate  a  range  of  benefits  for  society,  in  addition  to  economic 
development.  Flowever,  technological  progress  in  the  broadest  sense  has  always  been  associated  with  hazards 
and  risks  [1]. 

Radio  frequency  transmitted  by  digital  GSM  telephones  in  the  900MFlz  band  (890-915MFlz)  belongs  to  the 
"heating"  category  of  the  frequency  spectrum.  Eland-held  digital  mobile  phones  generate  pulsed  magnetic  fields 
resulted  from  battery  current,  they  transmit  information  in  burst  of  microwaves  and  operate  in  one  of  the  eight 
time  slots,  i.e.  sending  the  information  to  the  base  station  in  0.577  ms  bursts  with  217  bursts  per  second.  This 
pulsed  magnetic  field  (MF)  of  extremely  low  frequency  (ELF)  mainly  include  217FIz  (pulse  their  harmonics  and 
subharmonics)  [2].  It  is  quite  possible  that  living  organism  have  two-  fold  sensitivity  to  the  pulsed  GSM  signal, 
to  both  the  microwave  carrier  and  lower  frequency  pulsing  “time  division  multiple  access”(TDMA)[3]. 

Besides  a  large  number  of  researches  which  have  been  focused  on  high  frequency  components  much  less 
attention  has  been  paid  on  the  low  frequency  pulsed  magnetic  fields  associated  with  pulsed  batteiy  current 
characteristic  for  GSM-type  mobile  phone  [4,5,6,7,8,9,10,1 1]. 

The  pulsed  ELF-MF  in  mobile  phone  signals  could  exert  influence  on  biological  systems  through  non-thermal 
effects  and  this  ELF  emission  is  itself  capable  of  causing  significant  biological  effects  [4].  In  contrast  to  heating, 
which  relies  on  an  organism’s  ability  to  absorb  energy  from  irradiating  field,  the  possibility  of  non-thermal 
effects  arises  from  an  “oscillatory  similitude”  between  the  radiation  and  living  organism  to  respond  to  low- 
intensity  pulsed  via  its  ability  to  recognize  certain  frequency  characteristics  of  that  radiation,  in  fact  non-thermal 
effects  are  non-linear  [3]. 

The  existence  of  specific  amplitude  and  frequency  values  at  which  the  response  of  the  object  was  more 
pronounced.  The  sensitivity  of  the  biological  systems  to  weak  MF  has  been  described  elsewhere,  mainly  in 
respect  to  the  dependence  of  bioeffects  on  the  amplitude  or  the  frequency  of  the  applied  fields.  More  and  more 
studies  have  suggested  that  for  non-ionizing  radiation  cannot  be  applied  the  principle  of  ionizing  radiation  when 
the  increase  of  the  dose  enhance  the  effects  [12]. 

Thus  in  this  paper  we  monitored  the  environment  intensities  of  magnetic  field  emitted  by  one  model  of 
digital  cell  phone  to  settle  the  experimental  conditions  in  order  to  reproduce  the  pattern  of  waves  of  mobile 
phones  in  a  configuration  closer  to  real  condition. 

These  ranges  of  intensities  will  be  used  for  studying  the  effects  of  environmental  ELF  battery’s  fields  on 
bioelectrical  activities  of  nerve  cell. 

Material  and  Methods 

The  assessment  ELF  fields  of  GSM  mobile  phones  requires  a  search  coil,  according  to  Faraday's  induction 
law  the  variable  magnetic  field  induces  a  voltage  in  wire  winding.  The  average  diameter  of  on-made  search  coil 
was  5mm  with  500  turns  wire  with  0-260kHz  frequency  response.  For  RF  immunity  the  probe  was  shielded  with 
aluminum  foil. 

To  obtain  calibration  factor,  the  search  coil  was  exposed  with  known  magnetic  field.  It  was  done  with  a 
system  when  an  accurately  known  current  with  217Hz  frequency  was  injected  through  the  circular  coil  (drived 
by  known  signal).  The  flux  density  of  magnetic  field  was  measured  by  a  hand-held  digital  magnetic  field  meter 
(TES  1394,  Electronic  Electrical  Corp.). 

The  calibration  factor  (pT/mV)  was  the  ratio  between  flux  density  (B)  and  induced  voltage  in  search  coil  that 
measured  with  the  analog  oscilloscope  (Topward  7046A). 

For  scanning  the  surface  B-field  (flux  density)  distribution  on  the  back  side  of  the  mobile  phone  a  10><10mm 
grid  (Figure  1),  in  a  way  that  the  search  coil  was  situated  4mm  far  from  battery  surface,  was  used.  With 
considering  the  surface  of  battery  we  had  15  points  on  the  back  side  of  phone  and  we  measured  induced  voltage 
in  three  axes  in  different  times  of  the  day  in  each  points.  The  amplified  induced  voltage  (root  mean  square)  in 
search  coil  was  measured  with  digital  oscilloscope  (DSO,  TNM  Electronics).  By  using  Fast  Fourier  Transform 
(FFT)  method  (TNM-DSO  software),  the  power  spectrum  of  induced  voltage  was  analyzed  and  the  power  of 
217Hz  component  and  its  harmonics  were  extracted  and  saved  in  computer.  Then,  the  B-field  in  217Hz 
calculated  with  calibration  factor. 
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Figure  1-  10x10mm  grid  for  scanning  B-field  of  mobile  phone 


Results 

Ten  experiments  were  carried  to  calculate  calibration  factor.  The  magnetic  flux  densities  in  6  cm  far  from  the 
circular  coil  were  measured  with  digital  magnetic  field  meter  and  induced  voltage  in  search  coil  measured  with 
the  analog  oscilloscope.  According  to  the  ratio  B/V,  where  B  is  the  B-field  of  circular  coil  and  V  is  the  induced 
voltage  in  the  search  coil,  we  calculated  the  calibration  factor  (Figure  2).  The  calibration  factor  was  51.57 
uT/inV  with  .997  regression  coefficient. 


Figure  2-  Measured  magnetic  flux  density  (B)  and  induced  voltage  (V)  at  6  cm  far  from  the  circular  coil 

The  induced  voltages  (rms)  in  217Hz  component  of  the  sum  vector  of  all  three  axes  (Bs=VBx2+By2+Bz2)  in 
different  times  of  day  in  15  points  on  the  back  side  of  phone  were  measured  (Table  1).  The  measured  induced 
voltage  waveform  is  shown  in  Figure  2.  It  consists  of  pulses  train.  The  duration  of  pulse  is  0.577ms  and  the 
repetition  interval  is  4.61ms  that  are  the  same  of  sending  information  to  the  base  station  with  217  Flz  (Figure  3). 

Table  1-The  sum  vector  of  three  axes  of  induced  voltage  in  217Flz  in  different  times  of  day 


Induced 
Voltage 
(rms  in  mV) 

Maximum 

Minimum 

Average 

Morning 

2.77 

0.25 

1.39 

Afternoon 

1.62 

0.19 

0.80 

Evening 

2.09 

0.23 

0.81 
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Figure  3:  Induced  voltage  waveform  in  217  Hz 

The  power  spectrum  of  induced  voltage  was  analyzed  by  Fast  Fourier  Transform  (FFT)  method  and  the 
amplitude  of  induced  voltage  in  217Hz  and  its  harmonics  were  extracted  (Table  2)(Figure  4). 


Table  2-  The  sum  vector  of  three  axes  of  induced  voltage  in  433Hz  and  650  Hz  in  different  times  of  day 


Induced  Voltage 
(rms  in  mV) 

Maximum 

Minimum 

Average 

433Hz 

Morning 

2.57 

0.24 

1.31 

Afternoon 

1.54 

0.13 

0.74 

Evening 

1.99 

0.22 

0.77 

650Hz 

Morning 

2.24 

0.19 

1.10 

Afternoon 

1.21 

0.07 

0.61 

Evening 

1.68 

0.18 

0.64 

B-field  distribution  on  back  side  of  mobile  phone  is  the  result  of  the  surface  scan  with  4mm  distance  between 
the  phone’s  surface  and  search  coil.  The  distribution  pictures  show  the  217  Hz  component  of  sum  vector  of  all 
three  axes  of  induce  voltage(rms)  times  calibration  factor  (MATLAB  software,  version6.5,  the  Math  Works  Inc.) 
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Figure  4-  The  power  spectrum  of  induced  voltage  in  217  Hz  and  its  harmonics 
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Figure  5-  B-field  distribution  on  back  side  of  mobile  phone 

Discussion  and  Conclusion 

The  obtained  results  clearly  show  that  the  amplitude  of  induced  voltage  (rms)  in  217  Hz  and  its  harmonics 
considerably  varies  in  different  points  of  handset’s  battery  back  side.  In  this  study,  the  results  of  changing 
magnetic  fields  from  battery  phone  are  not  new  and  our  research  outputs  were  similar  to  the  other  works  [5]. 

In  addition  to  the  other  works  we  measured  the  B-fields  in  different  parts  of  the  day  (Morning,  Afternoon 
and  Evening)  according  to  network  jam.  So,  we  obtained  a  power  range  of  induced  voltage  from  0.07  to  2.77  mV 
and  B-fields  between  26.40(.iT  to  86.52(_iT.  We  had  done  our  experiments  in  Iran  workplace. 

Furthermore  the  relative  powers  of  two  main  harmonics  to  fundamental  component  were  94%  and  78%. 

As  it  may  be  interesting  to  know  that  all  early  publication  made  a  link  between  “windows”  and  information 
transfer  it  is  better  to  consider  a  range  of  intensities.  So,  for  reasonable  approach  to  the  ELF  “windows”  problem 
we  must  consider  a  range  of  parameters  such  as  magnetic  flux  density  (amplitude)  or  frequency.  In  this  way  it 
appears  reasonable  to  claim  the  existence  of  “window  effect”. 

Besides  considering  the  rage  of  intensities,  it  should  be  stressed  that  for  biological  studying  of  mobile  phone, 
according  to  the  power  spectrum  analysis,  we  must  consider  the  intensities  of  higher  harmonics  of  fundamental 
component,  in  addition  to  217Hz  signals,  in  ELF  exposure  systems. 

To  properly  assess  the  validity  of  any  experimental  results  demonstrating  cell  phone  bioeffects,  it  is  necessary 
to  understand  the  mechanism  by  which  these  effects  may  occur. 

Further  investigation  is  on  the  way  to  settle  the  experimental  condition  in  order  to  reproduce  the  pattern  of  the 
waves  of  mobile  phones  in  a  configuration  closer  to  real  one  and  examining  the  effects  of  low-frequency 
component  of  mobile  phone  on  nervous  system. 
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Abstract 

RF  power  control  is  used  to  minimize  the  transmit  power  required  by  the  mobile  or  base  station  subsystem  while 
still  maintaining  the  quality  of  the  radio  links.  By  minimizing  the  transmit  power  levels,  interference  among  co¬ 
channel  users  can  be  reduced. 

For  circuit-switched  services  in  GSM  system,  the  mobile  is  commanded  by  the  base  station  to  change 
its  power  level.  The  base  station  directs  this  process  with  the  help  of  the  uplink  receiving  level  and  quality 
measurements. 

In  this  paper  we  consider  dependence  between  maximum  output  power  level  of  GSM  mobile  phone  and 
receiving  level. 

The  measurements  were  performed  with  GSM  mobile  phones,  which  used  service  software  in  the 
networks  of  the  three  PLMNs  (Public  Land  Mobile  Network)  in  Bulgaria. 

Our  results  indicate  the  receiving  levels  in  those  the  GSM  mobile  phone  transmit  with  maximum  output 

power. 

Introduction 

The  adaptive  power  control  allows  the  mobile  station  (MS)  to  increases  or  decreases  output  power  level  for 
provides  of  reliable  communications.  It  also  decreases  interference  with  other  co-channels  users  and,  through 
dense  frequency  reuse,  improves  spectral  efficiency,  while  maintaining  an  adequate  communications  quality  and 
facilities  a  reduction  in  power  consumption,  which  is  particularly  important  in  hand-held  MSs.  And  not  the  lastly 
place  decrease  of  the  output  power  level  provides  to  decrease  of  absorbing  energy  (decrease  of  Specific 
Absoiption  Rate  SAR)  in  the  head  of  a  user,  which  is  particularly  important  for  the  users  of  mobile  phones. 

The  power  control  procedure  is  accomplished  by  during  a  call  (when  the  MS  is  in  Traffic  CHannel  - 
TCH)  and  it  controls  from  base  station  (BS).  Output  power  level  of  MS  for  GSM900  can  be  reduced  in  15th  steps 
from  33dBm  (2W)  to  5dBm  (3.2mW)  and  each  step  is  2dBm  [1], 

The  adaptive  power  control  procedures  rely  on  measurements  of  the  received  RF  signal  strength 
(RXLEV),  the  received  signal  quality  (RXQUAL)  [2], 

RXLEV  is  evaluated  by  measuring  the  received  level  of  the  broadcast  control  channel  (BCCH)  carrier, 
which  is  continuously  transmitted  by  the  BS  on  all  time  slots  of  the  B  frame  in  Fig.  1  and  without  variations  of 
the  RF  level.  An  MS  measures  the  received  signal  level  from  the  serving  cell  and  from  the  BSs  in  all  adjacent 
cells  by  tuning  and  listening  to  their  BCCH  carriers.  The  root  mean  squared  level  of  the  received  signal  is 
measured  over  a  dynamic  range  of  -103dBm  to  -41dBm  for  intervals  of  one  slow  associated  control  channel 
(SACCH)  multiframe  (480  ms).  The  RXLEV  parameters  are  then  coded  into  6-bit  words  for  transmission  to  the 
serving  BS  via  the  SACCH. 

RXQUAL  is  estimated  by  measuring  the  bit  error  rate  (BER)  before  channel  decoding,  using  the  Viterbi 
channel  equalizer’s  metrics  and/or  those  of  Viterbi  convolutional  decoder  [3].  Eight  values  of  RXQUAL  span 
the  logarithmically  scaled  BER  range  of  0.2%  to  12.8%  before  channel  decoding. 
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5 1  time  frames 


F:  Frequency  Control  Channel; 

S;  Synchronisation  CHannel; 

B:  Broadcast  Control  CHannel; 

C:  Common  Control  CHannel  (Access  Grant/Paging  CHannel); 
I:  Idle  Frame 

Figure  1.  Multiframe  51  in  GSM  system 


The  adaptive  power  control  is  based  on  RXLEV  and  RXQUAL  measurements.  In  every  SACCH 
multiframe  the  BS  compares  the  RXLEV  readings  reported  by  the  MS,  or  obtained  by  the  base  station,  with  set 
thresholds.  The  exact  strategy  for  RF  power  control  is  determined  by  the  network  operator  with  the  aim  of 
providing  an  adequate  quality  of  service  for  speech  and  data  transmissions  while  keeping  interferences  low. 

Most  of  the  investigations  were  performed  to  determinate  transmission  levels  of  BSs  [4,  5],  but  a  small 
amount  of  investigations  are  performed  to  determinate  output  power  levels  of  MS  in  real  operating  conditions 
[6].  That’s  provoking  us  to  set  following  aims. 

Aims  of  the  investigation 

1.  Estimation  of  the  received  levels  (RXLEV s)  in  those  output  power  level  (TXLEV)  of  the  mobile  station 
is  33  dBm  (2  W)  for  GSM900  for  every  one  PLMNs  Bulgarian  operator. 

2.  Estimation  of  output  power  levels  (TXLEVs)  of  the  mobile  station  on  occupation  of  different  logical 
channels  during  a  call  in  the  GSM900. 

Schema  of  the  investigation 

For  achieved  of  the  traced  aims  were  measured  receiving  levels  of  the  BCCF1  carrier  (RXLEV s)  and 
TCF1  carrier  (RXLEVTCHs),  quality  of  a  receiving  signal  (RXQUAL),  output  power  levels  of  the  mobile 
phone  (TXLEVs)  and  absolutely  distance  between  mobile  phone  and  base  station  (DISTANCE). 

The  investigation  was  performed  using  two  mobile  phones  type  NSE-1  and  service  software  for 
network  monitoring. 

The  measurement  was  made  whit  that  set  up: 

1 .  The  both  mobile  stations  were  connected  to  a  personal  computer  through  interface  cables  for  observing 
and  reading  the  values  of  the  RXLEVs,  RXLEV_TCHs,  TXLEVs,  RXQUALs,  and  DISTANCES  in  the 
radio  interface  by  service  software  for  network  monitoring; 

2.  For  elimination  of  the  influence  from  operator’s  hand  and  head  on  the  values  of  the  measurement 
parameters,  the  both  mobile  phones  were  raised  from  the  ground  surface  of  1.5  meters  on  the  set  ups 
and  the  set  ups  were  placed  at  distance  with  radius  5  meters  of  the  operator. 

The  schema  of  the  measurements: 

1.  The  measurements  were  performed  in  the  three  points  displayed  in  Fig.  2,  marked  like  point  A,  point  B, 
and  point  C  (the  point  C  is  farthest  away  from  the  base  station).  These  points  are  in  outskirts  whit  hilly 
relief  and  trees. 

2.  The  values  of  RXLEV,  RXLEVTCH,  TXLEV,  RXQUAL  and  DISTANCE  were  measured  in  every 
one  of  the  three  points  in  two  deference  days,  for  the  three  network  operators. 

3.  The  measurements  were  realized  by  making  ten  originated  calls  from  the  one  mobile  station  and  reading 
of  RXLEV  TCH,  TXLEV,  RXQUAL,  and  DISTANCE,  and  the  second  mobile  station  continuously 
measured  the  level  of  the  BCCH  carrier  (RXLEV).  Every  originated  call  was  with  period  of  sixty 
seconds,  and  the  reading  of  the  values  on  measurement  parameters  was  made  of  every  five  seconds. 

4.  There  were  measurements  carried  out  in  the  two  accidentally  selected  points  in  the  urban  area.  In  the 
every  one  of  these  points  were  made  ten  originated  calls  and  measurements  of  RXLEV,  RXLEV  TCH, 
TXLEV,  RXQUAL,  and  DISTANCE  by  the  pointing  above  schema.  The  aim  is  to  compare  values  of 
parameters  from  points  in  the  urban  area,  when  the  mobile  station  and  subscriber  are  too  close  to  base 
station  (some  hundred  meters)  to  values  of  parameters  from  points  in  the  thinly  populated  places,  when 
the  mobile  station  and  subscriber  are  too  far  away  from  base  station  (some  kilometres). 

5.  For  every  one  of  the  network  operator  the  output  power  levels  of  the  mobile  station  on  occupation  of 
different  logical  channels  during  an  originated  call  was  determinate.  The  logical  channels  in  GSM 
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system  during  an  originated  call  are  occupy  as  following  [7]: 


BCCH/CCCH 

RACH 

AGCH 

SDCCH 

TCH 

Broadcast  Control  CHannel/  Common  Control  CHannel 
Random  Access  CHannel 

Access  Grant  CHannel 

Stand-alone  Dedicated  CHannel 

Traffic  CHannel 

Start  a  call 

TCH 

BCCH/CCCH 

Traffic  CHannel 

Broadcast  Control  CHannel/  Common  Control  CHannel 

Stop  a  call 

Figure  2.  Placement  of  the  points  of  measurements  in  outskirts  with  hilly  relief  and  trees. 
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4 

Operator  1 

lidOperator  3 

4 

Operator  2 

Figure  3.  Placement  of  the  first  point  of  measurements  in  urban  area. 
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Figure  4.  Placement  of  the  second  point  of  measurements  in  urban  area. 


Results 

The  results  of  the  measurements  are  displayed  of  Figs.  5. .  .19. 

“Pointing”  assessments  for  showing  of  the  uncertainty  of  the  measurement  were  determinate  [8]. 
“Directed”  assessment  of  statistical  moments  of  the  investigated  accidental  value  and  more  specific  -  of  the 

mathematical  expectation  lhx  and  dispersion  <j\  [9]  were  performed. 


The  point  assessments  of  performed  n  (where  «=10)  independent  measurements  with  registration 
implementations  xb  x2,  .. .,  xi;  . . .,  xn  of  the  accidental  value  X  is  as  following: 


i 


n 


™x  =-'Zjxi,<y2x  = - r 

n  “7  77  -1 


777 , 


(1) 


The  root  mean  squared  deviation  <7V  was  evaluated. 

The  “interval”  assessments  for  specific  cases  displayed  of  Figs.  8(a,  b),  9(a,  b),  and  10(a,  b)  were 
determinate  on  the  base  of  the  “pointing”  assessments  of  fhx  and  <7 x  by  (1). 
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The  half-magnitude  of  the  confidential  interval  £  =  — and  confidential  boundaries  were  determinate, 


as  following: 


ml  =mx  — y=  A' ,  m2  =  mx  +  =A' , 

yin  yjn 


(2) 


where  A'  =  1.960  with  pt  =  0,95  . 


E 

CQ 

TJ 

0 

> 

<D 


Network  Operator  No  1 


-106 


Time,  s 


-  BCCH  point  A  first  measur 
-TxLevel  point  A  first  measur 

-  BCCH  point  A  second  measur 

-  TxLevel  point  A  second  measur 

-  BCCH  point  B  first  measur 
-TxLevel  point  B  first  measur 

-  BCCH  point  B  second  measur 
-TxLevel  point  B  second  measur 

BCCH  point  C  first  measur 
TxLevel  point  C  first  measur 
BCCH  point  C  second  measur 
TxLevel  point  C  second  measur 


Figure  5.  Dependence  between  RXLEV  and  TXLEV  of  MS  in  the  time,  for  Network  Operator  1. 


Network  Operatior  N°2 


*4-  BCCH  point  A  first  measur 
TxLevel  point  A  first  measur 
BCCH  point  A  second  measur 
TxLevel  point  A  second  measur 
->-  BCCH  point  B  first  measur 
-•-TxLevel  point  B  first  measur 
fk  BCCH  point  B  second  measur 
—  TxLevel  point  B  second  measur 
BCCH  point  C  first  measur 
TxLevel  point  C  first  measur 
BCCH  point  C  second  measur 
TxLevel  point  C  second  measur 


Figure  6.  Dependence  between  RXLEV  and  TXLEV  of  MS  in  the  time,  for  Network  Operator  2. 
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Network  Operator  No3 


BCCH  point  A  first  measur 
-•-TxLevel  point  A  first  measur 
BCCH  point  A  second  measur 
-■-TxLevel  point  A  second  measur 
-•-BCCH  point  B  first  measur 
-•"TxLevel  point  B  first  measur 
|  <-*kBCCH  point  B  second  measur 
—  TxLevel  point  B  second  measur 
BCCH  point  C  first  measur 
TxLevel  point  C  first  measur 
-■-BCCH  point  C  second  measur 
TxLevel  point  C  second  measur 


Time,  s 

_ 

Figure  7.  Dependence  between  RXLEV  and  TXLEV  of  MS  in  the  time,  for  Network  Operator  3. 

From  the  results  displayed  of  Fig.  5  can  be  seen  the  two  boundary  cases  for  network  operator  1  - 
TxLevel  point  B  second  measure  and  TxLevel  point  C  first  measure.  In  the  first  case  TxLevels  of  MS  are  very 
close  to  the  maximum  levels.  In  the  second  case  TxLevels  of  MS  are  always  33dBm;  its  RXLEVs  are  highest 
from  another  cases  in  those  TxLevel  is  also  always  33dBm.  These  two  cases  correspond  of  two  points  from  Fig. 
2.  The  values  measured  in  these  two  cases  and  two  points  are  displayed  graphically  in  Figs.  8(a,  b). 


E 

00 

TS 

O 

> 

a 


34 

24 

14 

4 

-6 

-16 

-26 

-36 

-46 

-56 

-66 

-76 

-86 

-96 

-i  nc 


- 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 

Os  5s  10s  15s  20s  25s  30s  35s  40s  45s  50s  55s  60s 


Network  Operator  N®1,  point  B  -  second  measur 


ebcch 

■  TCH 
□  TxLevel 


Network  Operator  N°1 ,  point  C  -  first  measur 

34  Innnnnnnnnn  n~ 

24 - — - —  —  — - —  — 

14 - - - -  - 

4  - — _ - - _ - _ - - 

-6 
-16 
m  -26 

5  -36 

®  -46 

-56 
-66 
-76 
-86 

-96 - 

-106 - 

Time,  s 


s 

s 

s 

s 

s 

s 

s 

□  BCCH 
■  TCH 

□  TxLevel 


(a)  (b) 

Figure  8.  Presentation  of  average  data  of  RXLEV,  RXLEV  TCH,  and  TXLEV  for  Network  Operator  1  in  points 

indicated  in  Fig.  2:  (a)  point  B;  (b)  point  C. 


In  Table  1  and  Table  2  are  presented:  confidential  boundaries  m  i  and  m2  of  confidential  interval  Im  ; 


the  error  s  (a  half-magnitude  of  confidential  interval)  by  n=130  independent  measurements  and  confidential 
stochastic  p^O.95.  The  results  presented  in  Table  1  and  Table  2  corresponded  to  the  results  from  Figs.  8(a,  b) 
respectively. 


Table  1 


BCCH 

TxLevel 

mi 

-78.598 

28.272 

m2 

-78.084 

29.069 

8 

0.257 

0.398 

Table  2 


BCCH 

TxLevel 

mi 

-81.608 

33.000 

m2 

-80.930 

33.000 

s 

0.339 

0.000 
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From  the  results  displayed  of  Fig.  6  can  be  seen  the  two  boundary  cases  for  network  operator  2  - 
TxLevel  point  A  first  measure  and  TxLevel  point  B  second  measure.  In  the  first  case  TxLevels  of  MS  are  very 
close  to  the  maximum  levels.  In  the  second  case  TxLevels  of  MS  are  always  33dBm;  its  RXLEVs  are  highest 
from  another  cases  in  those  TxLevel  is  also  always  33dBm.  These  two  cases  correspond  of  two  points  from  Fig. 
2.  The  values  measured  in  these  two  cases  and  two  points  are  displayed  graphically  in  Figs.  9(a,  b),  respectively. 


Network  Operator  N°2,  point  A  first  measur 


Time,  s 


Network  Operator  N°2,  point  B  -  second  measur 


□  BCCH 
■  TCH 

□  TxLevel 


(a)  (b) 

Figure  9.  Presentation  of  average  data  of  RXLEV,  RXLEVTCH,  and  TXLEV  for  Network  Operator  2  in  points 

indicated  in  Fig.  2:  (a)  point  A;  (b)  point  B. 

In  Table  3  and  Table  4  are  presented:  confidential  boundaries  m  i  and  m2  of  confidential  interval  I  ; 

the  error  s  by  n=130  independent  measurements  and  confidential  stochastic  pi=0.95.  The  results  presented  in 
Table  3  and  Table  4  corresponded  to  the  results  from  Figs.  9(a,  b)  respectively. 


Table  3 


BCCH 

TxLevel 

mi 

-81.115 

31.217 

m2 

-  80.347 

31.647 

8 

0.384 

0.214 

Table  4 


BCCH 

TxLevel 

mi 

-85.878 

33.000 

m2 

-85.276 

33.000 

8 

0.339 

0.000 

From  the  results  displayed  of  Fig.  7  can  be  seen  the  two  boundary  cases  for  network  operator  3  - 
TxLevel  point  A  second  measure  and  TxLevel  point  B  first  measure.  In  the  first  case  TxLevels  of  MS  are  very 
close  to  the  maximum  levels.  In  the  second  case  TxLevels  of  MS  are  always  33dBm;  its  RXLEVs  are  highest 
from  another  cases  in  those  TxLevel  is  also  always  33dBm.  These  two  cases  correspond  of  two  points  from  Fig. 
2.  The  values  measured  in  these  two  cases  and  two  points  are  displayed  graphically  in  Figs.  10(a,  b), 
respectively. 


Network  Operator  N°3,  point  A  -  second  measur 
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Network  Operator  Ne3,  point  B-  first  measur 


□  BCCH 
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(a)  (b) 

Figure  10.  Presentation  of  average  data  of  RXLEV,  RXLEV  TCH,  and  TXLEV  for  Network  Operator  3  in 

points  indicated  in  Fig.  2:  (a)  point  A;  (b)  point  B. 

In  Table  5  and  Table  6  are  presented:  confidential  boundaries  m  i  and  m2  of  confidential  interval  Im 


the  error  e  by  n=130  independent  measurements  and  confidential  stochastic  p^O.95.  The  results  presented  in 
Table  5  and  Table  6  corresponded  to  the  results  from  Fig.  10(a,  b)  respectively. 
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The  received  data  in  course  of  the  present  investigation  (Figs.  5. ..10;  Tables  1...6)  showed  that 
received  level  RXLEV  in  that  output  power  level  TXLEV  of  the  mobile  station  is  33dBm  for: 

Network  operator  1  is  approximate:  -  81dBm; 

Network  operator  2  is  approximate:  -  85dBm; 

Network  operator  3  is  approximate:  -  81dBm. 


Table  5 


BCCH 

TxLevel 

mi 

-79.876 

31.235 

m2 

-  79.557 

31.503 

8 

0.157 

0.134 

Table  6 


BCCH 

TxLevel 

mi 

-81.600 

33.000 

m2 

-81.345 

33.000 

s 

0.128 

0.000 

Network  Operator  N°1, urban  area  without  frequency 
hopping 


Network  Operator  N°1, urban  area  with  frequency 
hopping 


34 

24 

14 

4 

-6 

-16 

-26 

-36 

-46 

-56 

-66 

-76 

-86 

-96 

■106 


Time,  s 


□  BCCH 
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(a)  (b) 

Figure  11.  Presentation  of  average  data  of  RXLEV,  RXLEVTCH,  and  TXLEV  for  Network  Operator  1  in 
points  indicated  in  Fig.  3:  (a)  without  frequency  hoping;  (b)  with  frequency  hoping. 


(a)  (b) 

Figure  12.  Presentation  of  average  data  of  RXLEV,  RXLEV  TCFl,  and  TXLEV  in  points  indicated  in  Fig.  3: 

(a)  for  network  operator  2;  (b)  for  network  operator  3. 


Analysis  of  the  data  from  Figs.  11  and  12  showed  that  in  the  urban  area  output  power  level  of  the  MS 
decrease  during  a  call.  The  boundaries  of  the  lowest  output  power  levels  of  the  MS  are  different,  from  5dBm  for 
network  operator  1  to  23dBm  for  network  operators  2  and  3.  Based  on  these  results  can  be  seen,  that  values  of 
the  received  levels  of  BCCFI  carrier  for  network  operators  are  between  -54dBm  ...-40dBm.  Therefore,  BSs  of 
the  operators  are  equally  distant  from  the  point  of  measurement.  In  the  same  time  the  alterations  of  output  power 
level  of  the  MS  are  different  for  the  network  operators.  The  different  strategies  for  RF  power  control  of  the 
network  operators  are  confirm  from  these  results. 

Adaptive  power  control  of  MS  for  the  network  operators  starts  after  initial  10  seconds  (see  Figs.  8(a), 
9(a),  10(a),  11,  and  12).  The  reason  for  this  is  that  during  these  seconds  MS  occupied  controls  channels;  it  is 
confirmed  form  the  results  illustrated  of  Fig.  13. 
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Network  Operator  N°3,  urban  area 
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Figure  13.  Presentation  of  average  data  of  TXLEV  in  points  indicated  in  Fig.  4. 

In  Fig.  1 1(a)  TCFI  and  BCCFI  channels  using  the  same  carrier,  and  have  similar  levels. 

In  Fig.  11(b)  the  TCH  carrier  is  different  from  the  BCCH  carrier.  In  this  case  received  level  of  TCH 
carrier  is  lower  than  level  of  BCCH  carrier,  it’s  mean  that  transmission  power  of  BS  is  lower  compared  with  the 
case  from  Fig.  11(a). 

Summary 

On  the  basic  of  the  results  of  measurements  of  RXLEV,  RXLEVTCH,  TXLEV,  RXQUAL,  and 
DISTANCE  in  the  three  points  from  Fig.  2  were  established  average  value  on  the  received  levels  RXLEVs  in 
those  output  power  level  TXLEV  of  the  mobile  station  is  33dBm  (2W).  Therefore,  the  received  values  (RXLEV 
«  -  85dBm  . .  ,-81dBm)  can  be  used  to  provide  a  reference  levels. 

These  results  can  be  applied  to  found  the  areas  (points)  in  those  output  power  level  TXLEV  of  the 
mobile  station  is  33dBm  (2W). 

The  results  from  the  investigation  demonstrated  that  adaptive  power  control  of  MS  depended  on  level  of 
BCCH  carrier,  but  not  of  the  level  of  TCH  carrier  (see  Figs.  1  l(a,  b)). 

The  results  received  via  measurements  in  real  operating  conditions  can  be  useful  for  further  in  Vitro  and 
in  Vivo  investigations  for  the  influence  of  the  GSM  mobile  phones  on  the  man. 

Finally,  according  to  reference  from  [10]  to  necessary  to  determine  a  complex  of  hygienic  requirements 
to  a  mobile  telephone,  allowing  the  subscriber  to  realize  the  right  of  a  voluntary  choice  of  a  comprehensible  risk 
level  and  according  by  the  World  Health  Organization  recommendations  to  subscriber  can  be  suggest:  1 .  During 
the  first  10  seconds  the  mobile  phone  transmitted  with  maximum  power  2  Watts,  therefore,  in  this  time  the 
mobile  phone  must  be  distant  from  subscriber’s  head;  2.  When  the  bars  displaying  receiving  level  strength  of  the 
mobile  phone  display  are  smaller  from  the  maximum  number,  then  the  mobile  phone  will  be  transmit  with 
maximum  power  during  a  call. 
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Abstract 

The  aim  of  the  investigation  was  to  study  the  effect  of  electromagnetic  radiation  (EMR)  on  stress  hormone 
reactivity  of  medical  staff  in  physiotherapies.  The  excretion  rates  of  stress  hormones  cortisol,  adrenaline  and 
noradrenaline  were  followed  during  morning  shift  in  15  female  physiotherapists  using  RIA  kits  and  a 
spectrofluorimetric  method.  The  mean  number  of  treatments  with  EMR  emitting  devices  per  month  and  the 
emission  of  each  device  was  followed.  A  control  group  of  nurses,  matched  by  age,  sex  and  work  task  was 
followed.  The  psychosocial  factors  were  followed  and  showed  no  differences  between  the  two  groups. 
Significantly  higher  excretion  rates  of  cortisol  (F(169)  =  7.171,  p  =  0.009),  adrenaline  (F(ij69)  =  7.869,  p  =  0.007) 
and  noradrenaline  (F(i  69>  =  10.643,  p  =  0.002)  with  the  studied  physiotherapists  in  comparison  with  the  control 
group  of  nurses  was  found.  In  conclusion,  our  data  showed  that  EMR  influenced  stress  hormone  reactivity  of 
medical  staff  in  physiotherapies. 

Key  words:  Cortisol,  adrenaline,  noradrenaline,  medical  staff,  EMR  exposure. 

Introduction 

Stress  at  work  and  work  related  changes  in  health  and  well  being  of  the  medical  staff  have  been  subject  to 
growing  concern  in  recent  years  (Deane  et  al.  2002,  Elfering  et  al.  2002,  Fujiwara  et  al.  2004).  Little  is  known 
about  stress  at  work  of  the  medical  staff  in  physiotherapies,  exposed  to  some  common  for  the  medical  staff 
stressors  as  risk  of  infections,  emotional  load  of  dealing  with  patients,  heavy  lifting,  exposure  to  chemicals,  but 
also  some  specific  stressors  as  the  exposure  to  electromagnetic  radiation  (EMR)  from  different  devices  as 
equipment  for  microwave  and  high  frequency  diathermy,  pulsed  magnets,  d’Arsonvale  devices,  optical  sources 
(UV,  IR  and  visible),  lasers  etc. 

Several  studies  investigated  the  effects  of  radiofrequency  EMR  emitted  from  GSM,  broadcasting  and 
TV  transmitters  on  hypothalamic-pituitary  adrenal  axis  and  sympathetic  adrenomedullary  system.  Mann  et  al. 
(1998)  studied  several  endocrine  parameters  in  humans  exposed  at  night  to  a  low  level  (0.2  W/m2) 
radiofrequency  field  from  GSM  at  900  MFlz  and  found  a  transient  1  hour  increase  in  cortisol  during  the  first  hour 
of  the  exposure.  Radon  et  al.  (2001)  failed  to  find  an  effect  of  low  level  pulsed  radiofrequency  EMR  (carrier 
frequency  900  MFlz,  pulsed  frequency  217  Flz,  average  power  flux  density  of  1  W/m:)  on  the  salivary  cortisol. 
Our  earlier  data  (Vangelova  et  al.  2002)  showed  a  trend  for  increase  in  11-oxycorti costeroid  (11-OCS)  excretion 
rates  in  operators,  working  under  low-level  radiofrequency  EMR.  Next  our  study  (Vangelova  and  Israel  2005) 
showed  dose-effect  relationship  in  the  excretion  of  stress  hormones  and  radiofrequency  EMR.  There  are  no  data 
for  the  effect  of  EMR  on  stress  hormone  reactivity  in  medical  staff  in  the  physiotherapies,  exposed  to  high  level 
EMR,  but  for  very  short  periods  of  time. 

The  aim  of  the  investigation  was  to  study  the  effect  of  EMR  on  stress  hormone  reactivity  of  medical 
staff  in  physiotherapies. 

The  study  is  a  part  of  complex  investigation  of  health  risk  in  medical  staff  exposed  to  EMR. 

Material  and  methods 

Subjects 

We  investigated  15  female  physiotherapetists,  aged  49.5  ±  7.4  years  with  average  length  of  service  26.4  ±  7.7 
years,  working  in  4  hospital  physiotherapies  in  Sofia.  A  control  group  of  nurses,  matched  by  age  up  to  three 
years,  work  organization  and  having  similar  job  task  was  studied.  The  control  group  was  of  mean  age  48.9  ±  6.9 
years  and  length  of  service  25.8  ±  7.3  years.  All  the  investigated  subjects  worked  fast-rotating  two-shift  system: 
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morning  shifts  (7:30  a.  m-  2:00  p.m)  and  afternoon  shifts  (1:30  -  08:00  p.m).  The  investigated  subjects  have 
signed  informed  consent  for  participation  in  the  study. 

EMR  exposure  and  confounding  physical  factors 
EMR  exposure 

The  method  for  EMR  exposure  assessment  is  presented  in  details  elsewhere  191.  In  general,  the  method  is  based 
on  the  following: 

Parameters  for  exposure  assessment 

In  order  to  establish  unified  conditions  for  exposure  assessment  for  different  frequencies  (over  the  overall 
frequency  range)  we  apply  a  general  unified  indicator  associated  with  the  energetic  irradiation  dose,  according  to 
the  ICNIRP  Guidelines  /8/,  ACGIH  TLVs  /1 5/,  and  the  Bulgarian  National  Standards  /1,2/. 

Conditions  for  applying  the  wave  impedance 

We  can  consider  a  prevailingly  directed  flow  at  distances  from  the  emitter  to  the  object  not  shorter  than  6 
wavelengths  and  an  entirely  homogeneous  flow  of  electromagnetic  energy  -  at  about  100  wavelengths.  In  the  far 
field  the  conductivity  of  the  medium  is  proportional  to  the  squared  distance  from  the  emitter.  At  approaching  it 
the  value  of  this  quantity  increases  proportionally  to  the  volume  between  the  emitter  and  the  object,  reaching 
maximum  through  areas  obtained  along  the  main  diagonal  of  the  volume.  This  reflects  on  an  undefined  value  of 
the  wave  impedance. 

Dimensions  of  values  related  to  energy’  load 

The  energy  load  of  the  human  organism  is  defined  for  three  cases  as  a  derived  quantity  of  energy  falling  at 
external  irradiation:  WE=  E2.T,  (\ 7m)2. h,  WH  =  H2.T,  (A/m)2. It  and  Ws  =  S.T,  pW/cnf.h.  based  on  dispersed 
energy  per  unit  time  on  human  body  during  the  official  working  shift.  Measurable  quantities  are  used  - 
intensities  and  power  density  according  to  the  distance  from  the  generator  to  the  measuring  device  and  the 
respective  frequency  range  of  the  single  photon. 

As  SAR  is  introduced  by  the  dimension  of  base  metabolism  of  an  adult  man  (175  cm/70  kg)  the  dimension  of  SA 
is  the  dimension  of  SAR  by  the  time. 

The  two  types  of  quantities  -  WE,  WH  and  Ws  on  the  one  side,  and  SAR,  SA  on  the  other  do  not  differ 
substantially  in  conditions  of  air  equivalent  environment  and  a  human  body  situated  in  it. 

SAR  is  introduced  through  Human  Equivalent  Antenna.  If  the  respective  effective  area  is  Ae,  then  through 
relationships  between  the  dimensions  of  the  quantities  W  and  SA  following  by  the  definition  for  power  and  from 
the  way  of  determining  human  body  exposure,  the  quantity  W  corresponds  to  whole  body  value  of  SA  at 
constant  body  weight  and  unchanging  mean  conductivity  of  the  tissue,  standardized  to  the  effective  exposure 
area  Ae.  The  magnitude  of  the  latter  on  its  part  depends  on  the  mutual  orientation  of  a  standing  person  and  the 
intensity  of  the  falling  electric  field  E. 

The  measurable  quantity  in  all  cases  is  the  same  -  E  [V/m].  Consequently  WE  will  incorporate  the  definition  of 
SA  and  vice  versa. 

Determination  of  the  exposure  duration 

We  divide  the  time  of  being  in  the  working  environment  with  NIR  into  two  sets  of  intervals  for  exposure 
duration:  real  exposure  time  at  work  with  a  device  Tapp  [h],  and  a  total  duration  of  the  working  shift  T  fit].  The 
difference  between  them  is  so  called  “void  time”  when  there  is  no  real  exposure. 

We  use  the  method  of  the  “chronometer  scenario”  because  the  void  time  has  no  equipartitioned  averaged 
evaluation.  The  duration  time  is  introduced  by  the  number  of  devices  and  the  number  of  patients  serviced  by  the 
individual. 

Measurement  method 

The  method  is  unified  as  far  as  three  parts  of  its  nature  are  unified:  Equipment;  Distances  to  the  particular 
device,  mandatory  for  the  measurement  -  6  distances  depending  on  the  frequency  range;  list  with  the  mandatory 
restrictions  to  the  behavior  of  the  physicist/engineer,  performing  the  measurement. 

The  major  characteristics  of  the  method  are  the  6  mandatory  distances  to  the  different  types  of  generators 
determined  depending  on  the  frequency  range  of  the  radiation.  They  conform  to  two  conditions:  Requirements 
for  measurement  in  the  far  and  near  field  zones;  Requirements  for  determination  of  SAR  in  different  cases  of 
electromagnetic  energy  falling  on  a  standing  human. 

General  relationships  for  assessment  of  individual  exposure 

The  dose  is  a  function  of  the  squared  mean  measured  intensity  and  can  be  presented  by  the  SAR  quantity. 

Our  calculation  formulation  is  based  on  the  vision  of  the  averaged  dose:  the  dose  (calculated  with  the  actual 
measured  values  of  the  field  and  exposure  time)  multiplied  by  the  mean  geometric  value  of  the  partial  doses  on 
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the  distance  from  the  physician/nurse  to  the  patient  /-/  and  the  dose  of  the  same  to  another  characteristic  distance 
(one  of  the  cited  -  r,-,  i  ^  1 ).  Thus  a  characterizing  quantity  is  obtained  which  is  a  non-dimensional  growing  sum 
D  : 

i) 

Here  1/q  is  a  non-dimensional  quantity  -  ratio. 

The  squared  field  strength  ( E 2)  used  for  the  dose  assessment  is  equal  to  the  product  of  the  measured  intensity  of 
the  field  at  distance  /•/  and  the  sum  of  weighed  intensities  of  the  other  5  distances. 

The  method  allows,  at  unified  measurements,  the  elaboration  of  individual  exposure  assessment  for  each  person 
in  physiotherapy  through  calculations  depending  on  the  number  of  devices,  number  of  patients  and  the  actual 
configuration  of  the  ward. 

SAR  is  calculated  for  the  relevant  frequency  directly  through  the  calculated  dose  multiplied  by  the  individual’s 
mass: 

SAR=D.m+B{f)+C , 

where  m  is  the  mass  of  the  exposed  person;  B  is  a  frequency  -depending  ratio,  and  C  is  a  constant. 

The  method  was  used  for  assessment  of  the  exposure  in  several  physiotherapy  units.  Assessment  of  the  exposure 
in  several  physiotherapy  units  by  devices  is  shown  on  Table  1.  Calculating  the  relative  values  for  the  whole 
frequency  range  in  the  studied  physiotherapies  the  obtained  quota  is  much  larger  than  1 . 


Table  1 


Frequency 

Devices 

Calculated  parameter 

Basic  restriction 

<2  kHz 

Magnets 

j«  0,28  -0,31  A/m2 

j  <  2  mA/m2 

<2  kHz 

Interferentz 

j  «  0.69  mA/m2 

j  <  2  mA/m2 

f  <  2.5  MHz 

UHF  generator  for 
ultrasound  therapy 

j  «  3.8  mA/m2 

j  <  2  mA/m2 

<  100  kHz 

Diadynamik  (Bulgaria) 

j  «  0.15  mA/m2 

j  <  1  A/m2 

<  100  kHz 

Galvanostat 

j  «  0.15  mA/m2 

j  <  1  A/m2 

150  -f-  300  kHz 

D’Arsonval 

SAR  <  0.4  W/kg 

0,4  W/kg 

27,12  MHz 

UHF  devices 

SAR  =  3,71- 9,78  W/kg 

0,4  W/kg 

2450  MHz 

Medical  radar 

SAR  =  0,31  -5,3  W/kg 

0,4  W/kg  whole  body 

20  W/kg  for  limbs 

10  W/kg  for  head 

Light  sources  (polychromatic)  -  restrictions  according  to  ACGIH  (2004): 

IR:  S  <  1.8.t"3/4  W/cm2  (for  cornea  and  lens) 

IR:  S  <  0.6/a  W/cm2.sr  (for  retina  protection) 

IR  (with  blue  light  filter  -  Bl):  1  pW/cm2,  and  :  tmax  <  10  (mJ/cm2)/S(W/cm2) 

UV  and  visible  light:  tmax  <  0.003  (J/cm2)/S  (W/cm2) 

Quartz  (UVB-1,  UVB,  UVA,  Visible:  S  *  17.6  mW/cm2 
Solux  Infrarouge,  without  filters:  S  «  286.1  mW/cm2 
Solux  Infrarouge,  with  filter  Bl:  S  *  4.9  mW/cm2 

Noise  and  microclimate 

The  noise  and  microclimate  were  followed,  too,  and  were  within  hygienic  norms  with  no  differences  between  the 
groups. 

The  psychosocial  factors 

The  psychosocial  factors  were  assessed  by  the  questionnaire  “My  job”,  based  on  checklists,  containing  five 
subscales  (Kompier  et  al.  1994).  The  working  condition  scale  contains  items  about  work  posture,  lighting,  noise, 
vibrations,  temperature,  humidity,  flow,  dust,  odours,  etc.  The  job  content  scale  sums  eighteen  items  as  a 
monotony,  tasks,  requiring  intense  concentration,  time  pressure,  work  organization,  etc.).  The  job  control  scale 
(ten  items)  includes  questions  about  novelties  at  work,  ability  to  influence  the  pace,  methods  of  work,  promotion, 
etc.  The  work  related  social  support  scale  sums  ten  items:  five  ones  concerning  support  from  coworkers  and  five 
from  supervisors.  Health  complaints  scale  is  the  sum  of  sixteen  items. 

The  excretion  rates  of  stress  hormones 

The  excretion  rates  of  stress  hormones  were  followed  during  the  morning  shift  (7:30  -  14:00).  The  following 
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three  periods  were  studied:  early  morning  (6:30  -  8:30),  second  period  (8:30  -  11:00)  and  third  period  (11:00  - 
13:30).  The  urine  aliquids  were  stored  at  -20°C  and  the  subsamples  for  catecholamine  assay  were  acidified  to  pH 
3  with  6N  HCL  prior  refrigeration.  Urine  free  cortisol  was  assessed  by  radioimmunological  kit  (Orion 
Diagnostica,  Espoo,  Finland):  interassay  CV  5.2,  5.2,  6.1  %  for  low,  mean  and  high  value  urine  samples.  The 
catecholamines  adrenaline  and  noradrenaline  were  measured  with  spectrofluorimetric  method  (Vangelova  2000). 

Statistics 

The  time-of-day  variations  of  the  studied  stress  hormones  were  analyzed  for  the  effect  of  radiofrequency  EMR 
exposure  and  time-of-day  by  tests  of  between-subjects  effects  (SPSS).  Variation  analysis  (one-way  ANOVA) 
and  correlation  analysis  were  used  to  calculate  the  psychosocial  factors  and  the  relationships  between  the  studied 
variables. 

Results 

Our  data  show  no  significant  differences  of  psychosocial  factors  between  the  exposed  and  control  group  (Table 
2).  The  studied  physiotherapists  and  control  group  of  nurses  had  a  feeling  of  strain  at  work  and  emotional  load  of 
dealing  with  patients,  increased  risk  of  infections,  heavy  lifting  and  work  tasks,  requiring  concentration.  The 
working  conditions  were  described  as  moderate,  but  the  physiotherapists  found  the  lighting  unsatisfactory.  The 
number  of  psychosomatic  complaints  were  comparatively  high  with  both  studied  groups,  slightly  higher  with  the 
physiotherapists  in  comparison  to  the  control  group  of  nurses.  The  main  psychosomatic  complaints  were 
musculoskeletal  disorders  (pain  in  the  back,  bones  and  muscles),  numbness  and/or  timbling  sensation  in  the 
limbs,  physical  and  mental  exhaustion,  fatigue,  dizziness,  etc. 

Table  2. 

The  psychosocial  factors  in  exposed  to  EMR  physiotherapists  and  control  group 


Scales/Groups 

Maximal 

scores 

Physiotherapists 

Control  group 
(nurses) 

Working  conditions 

17 

7.1  ±3.0 

7.1  ±9.8 

Work  content 

16 

5.4  ±  3.2 

7.0  ±3.2 

Control 

10 

2.9  ±2.02 

5.3  ±  1.8 

Social  support 

10 

2.3  ±  1.9 

2.6  ±2.4 

Psychosomatic 

complains 

16 

9.4  ±3.3 

8.9  ±2.7 

Significantly  higher  excretion  of  cortisol  with  the  physiotherapists  in  comparison  to  the  control  group  of 
nurses  (Figure  1)  was  found  (F(ii69)  =  7.171,  p  =  0.009).  The  excretion  rates  of  cortisol  followed  the  typical 
diurnal  rhythm  with  highly  significant  time-of-day  variations  (F(2i69)  =  12.231,  p  =  0.000). 

The  adrenaline  excretion  rates  (Figure  2)  were  significantly  higher  in  the  studied  physiotherapists  in 
comparison  to  the  control  group  of  nurses  (F(169)  =  7.869,  p  =  0.007).  Also,  significantly  higher  excretion  rates 
of  noradrenaline  (Figure  3)  with  the  physiotherapists  in  comparison  to  the  nurses  (F(ij69)  =  10.643,  p  =  0.002) 
were  found.  The  time-of-day  variations  of  adrenaline  and  noradrenaline  were  not  significant. 
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Figure  1.  The  excretion  rates  of  cortisol  in  physiotherapists  exposed  to  EMR  and  control  group. 
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Figure  2.  The  excretion  rates  of  adrenaline  in  physiotherapists  exposed  to  EMR  and  control  group. 
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Figure  3.  The  excretion  rates  of  noradrenaline  in  physiotherapists  exposed  to  EMR  and  control  group. 
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Discussion 

Our  data  show  significant  effect  of  non-ionising  radiation  on  the  excretion  rates  of  stress  hormones 
during  the  working  day.  The  work  conditions,  work  content,  work  control  and  psychosocial  support  showed  no 
significant  differences  between  the  exposed  and  control  group.  No  acute  incidents  and  changes  in  the  task 
requirements  among  the  groups  during  the  period  of  the  study  were  registered.  The  number  of  treatments  in  the 
studied  physiotherapies  did  not  exceed  the  number  of  treatment  by  the  studied  control  group  of  nurses.  The 
studied  physiotherapist  had  no  complains  concerning  the  EMR  emissions  and  were  not  aware  of  the  level  of  the 
exposure  during  the  study. 

The  present  study  confirmed  our  previous  data  (Vangelova  et  al.  2002,  Vangelova  and  Israel  2005)  for 
effect  of  EMR  exposure  on  stress  hormones  reactivity,  with  the  highest  effect  on  noradrenaline  excretion  rates. 
The  stress  hormones  are  important  biomarkers  for  allostatic  load  (McEwen  1998,  Chrousos  2000,  Tsigos  and 
Chrouos  2002)  and  the  long  term  effects  of  increased  secretion  of  stress  hormones  are  associated  with  health 
implications.  The  effects  of  catecholamines  on  the  cardiovascular  function  are  well  known.  The  excessive  and 
sustained  cortisol  secretion  has  been  for  long  associated  with  depression,  osteoporosis,  immunosuppression  and 
the  entire  spectrum  of  the  metabolic  syndrome  (Fraser  et  al.  1999,  Rosmond  et  al  1998). 

Summing  up,  significantly  higher  excretion  rates  of  stress  hormones  with  the  medical  staff  under  EMR 
exposure  in  physiotherapies  were  found.  As  outlined  above,  the  chronic  elevation  of  stress  hormones  may  be 
associated  with  health  implications.  Reduction  of  EMR  exposure  in  physiotherapies  both  by  technical  solutions 
and  limiting  the  time  of  exposure  should  be  encouraged. 
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ABSTRACT 

Several  epidemiological  studies  have  pointed  to  a  positive  correlation  between  Extremely  Low  Frequency 
ElectroMagnetic  Fields  (ELF-EMFs)  exposure  and  the  incidence  of  haematological  or  solid  tumors.  To  better  clarify 
its  effects  on  haemopoiesis  and  cancer  development,  we  exposed  to  continuous  and  intermittent  ELF-EMF  young 
and  adult  BALB/c  mice  or  inbred  BALB  Neu  T  mice:  the  latter  constitute  a  transgenic  model  of  HER-2-dependent 
mammary  carcinogenesis.  We  monitored  the  body  weight  trend  and  studied  haemopoietic  lineages  and  mature 
immune  cells  in  bone  marrow  and  lymphoid  organs  by  morphologic  and  FACS  analysis. 

In  young  but  not  in  adult  male  and  female  BALB/c  mice  there  was  a  transient  decrease  of  body  weight  and  a 
decrease  in  bone  marrow  and  splenic  myelopoietic  cells,  whereas  there  were  no  haematological  differences  between 
treated  and  control  young  or  adult  BALB  NeuT  mice,  probably  because  of  the  cancer-driven  haematological 
dysregulation.  Histological  and  Whole  Mount  grading  showed  that  ELF-EMF  do  not  influence  mammary 
carcinogenesis. 

This  study  demonstrates  that  ELF-EMF  produce  a  biological  stress  that  affects  growth.  Healthy  subjects  are  able  to 
both  adapt  to  and  compensate  it.  Further  in  vivo  studies  are  needed  to  determine  the  consequences  of  ELF-EMFs 
exposure  combined  with  other  known  stress  factors. 


INTRODUCTION 

There  is  a  large  body  of  epidemiological  evidence  in  favour  of  a  significant  positive  correlation  between  exposure  to 
magnetic  fields  and  the  risk  of  cancer  [1,  2,  3,  4,  5]  and  the  International  Agency  for  Research  on  Cancer  (IARC) 
has  classified  extremely  low  frequency  electro)  magnetic  fields  (ELF-EMF)  as  possible  sources  of  human  cancer 
[6],  Subsequent  in  vitro,  in  vivo  and  epidemiological  studies,  however,  have  not  yet  substantiated  this  correlation 
and  its  extent. 

Carcinogenesis  is  a  complex  process  and  ELF-EMFs  could  be  involved  in  any  of  its  steps  [7],  They  do  not  induce 
direct  DNA  damage  in  vitro,  but  may  synergize  with  compounds  that  induce  DNA  modification  [8],  It  has  been 
shown,  for  example,  that  ELF-EMFs  exposure  co-promotes  the  rat  mammary  tumors  induced  by  7,12- 
dimethylbenz[a]anthracene  (DMBA)  [9,  10]. 

The  central  role  of  the  immune  system  in  the  natural  history  of  carcinogenesis  makes  it  essential  to  determine  the 
immunological  consequences  of  exposure  to  ELF-EMFs.  Some  studies  show  that  ELF-EMFs  have  no  effect  on  or  do 
not  suppress  the  immune  system,  whereas  others  have  found  proliferative  effects.  Exposure  of  murine  bone  marrow 
cells  to  a  magnetic  field  causes  proliferation  and  differentiation/reduction  of  the  granulocyte-macrophage  progenitor, 
whereas  its  effect  on  the  proliferation  of  stromal  stem  cells  proliferation  is  not  clear  [11].  Leukopenia  and 
neutropenia  have  been  observed  in  mice  after  long  exposure  to  ELF-EMFs  [12].  In  another  report,  ELF-EMFs  had 
no  effect  on  the  cytotoxic  activities  of  NK  and  LAK  cells,  nor  on  the  production  of  IFN-y,  TNF-a,  IL-2  and  IL-10 
production  by  human  PBMC  [13]. 

These  discrepancies  can  readily  be  assigned  to  the  use  of  dissimilar  cell  systems,  mouse  models,  magnetic  flux 
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densities,  and  exposure  units  and  periods. 

The  present  study  set  out  to  determine  whether  a  striking  relationship  exists  between  carcinogenesis  and  exposure  to 
ELF-EMF,  and  how  far  the  immune  system  is  affected. 

A  pair  of  Helmholtz  coils  was  used  to  deliver  variable,  homogeneous,  sine-wave  AC  magnetic  fields  at  50  Hz  with 
an  intensity  of  0. 5-1.0  mT.  The  apparatus  comprises  plastic  cages  in  which  the  animals  are  exposed  to  the  ELF- 
EMFs  and  is  located  in  an  insulated  room  with  the  control  animals  outside  the  EMF  area  (see  appendix-  Instrument). 
BALB/c  and  BALB  NeuT  mice  were  employed.  BALB/c  is  one  of  the  most  frequently  used  inbred  strains  owing  to 
its  good  breeding  performance  and  long  reproductive  lifespan.  It  is  particularly  well  known  for  the  production  of 
plasmacytomas  on  injection  of  mineral  oil  and  widely  used  for  studies  on  lymphoma. 

BALB-neuT  are  transgenic  for  the  rat  transforming  HER-2/neu  oncogene  [14,  15].  Its  transforming  mutated  form 
under  the  transcriptional  control  of  a  mammary  tumour  virus  causes  fast  and  aggressive  mammary  carcinogenesis. 
Tumours  become  spontaneously  evident  after  the  progression  of  tumorigenesis  and  their  relationship  with  the 
surrounding  tissues  is  preserved.  Reproduction  of  the  development  of  autologous  tumours,  the  occurrence  of 
invasion  and  metastasis,  and  the  presence  of  an  intact  immune  system  are  other  key  features  of  these  genetically 
modified  mice  [16].  At  10  weeks  of  age,  they  display  advanced  cancerization,  especially  around  the  nipple  where 
the  side  buds  become  in  situ  carcinomas  and  an  increasing  number  of  hyperplastic  foci  form  along  the  mammary 
tree.  The  in  situ  carcinomas  become  invasive  between  the  15th  and  the  20th  week  and  metastasize  after  the  30th 
week  [17]. 

Our  experiment  was  designed  to  answer  the  following  questions. 

Initially: 

*  Whether  ELF-EMFs  influence  the  growth  and  the  haemopoietic  system  of  BALB/c  and  BALB  NeuT  mice 

*  Whether  male  and  female  animals  are  equally  responsive 

*  Whether  young  and  adult  animals  are  equally  responsive 
Subsequently: 

*  Whether  the  effects  were  transient  or  persistent 

*  Whether  a  dose-response  relation  or  a  threshold  value  for  the  ELF-EMF  intensity  is  apparent 

*  Whether  continuous  and  intermittent  (night-time  only)  exposure  exert  the  same  effects 

Lastly  the  effect  of  ELF-EMFs  effect  on  mammary  carcinogenesis  in  BALB  NeuT  mice  was  investigated. 

Mice  were  randomised  as  explained  in  the  Appendix.  Briefly,  groups  of  female  and  male  BALB/c  and  female 
BALB-neuT  were  exposed  continuously  and  intermittently  to  ELF-EMF  at  0.5  or  lmT  at  6  weeks  of  age  (young 
mice)  and  10  weeks  of  age  (adult  mice). 

Animal  body  weight  was  recorded  at  the  beginning  of  the  experiment  and  every  15  days. 

After  4  and  12  weeks  from  the  beginning  of  the  exposure  mice  were  sacrificed  and  primary  and  secondary  lymphoid 
organs  were  analyzed  by  histology,  immunohistochemistry  and  flow  cytometry. 

Tumour  burden  in  BALB  neuT  mice  was  assessed  by  Whole  Mount  analysis,  histology  and  immunohistochemistry. 

Since  no  differences  were  evident  between  0,5  and  1  mT  ELF-EMF  exposure,  only  data  referring  to  0,5  mT  will  be 
shown  below. 

ELF-EMFs  slow  down  the  body  weight  gain  of  young,  but  not  of  adult  BALB/c  mice. 

Young  male  and  female  BALB/c  mice  were  treated  for  12  weeks.  The  controls  were  housed  in  the  same  room.  Their 
body  weight  was  recorded  at  the  beginning  of  the  experiment  and  every  15  days. 

After  4  weeks  of  exposure,  a  significant  decrease  in  body  weight  was  observed  in  both  continuously  and 
intermittently  treated  mice  (Fig.  1 ,  2).  This  was  made  up  later. 
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Fig.  1  Fig. 2 

There  was  no  comparable  decrease  in  the  adult  animals. 

ELF-EMFs  impaired  bone  marrow  myelopoiesis  and  splenic  lymphoid  compartment  in  the  young  BALB/c 
mice. 

Several  bone  marrow  and  spleen  alterations  were  found  after  4  weeks'  exposure. 

No  comparable  changes  were  noted  in  the  adult  animals. 


Bone  marrow  haemopoiesis. 

Morphometrical  analysis  of  cytological  bone  marrow  samples  showed  that  myeloid  progenitors  were  reduced  in 
both  continuously  and  intermittently  exposed  mice  (Tab  1).  Myelocytes  are  large  cells  with  specific  granules  in  the 
cytoplasm  and  an  indented  nucleus,  usually 

displaced  from  the  center.  Metamyelocytes  are  similar  to  the  myelocyte  stage  except  that  they  are  smaller  and 
demonstrate  a  deeply  indented,  kidney  shaped  nucleus.  In  spite  of  the  reduction  in  the  total  myeloid  compartment 
(see  Segmented  cells  in  Tab  1),  the  ratio  between  mature  neutrophils  and  immature  myelocytes  was  normal  (data  not 
shown).  The  decrease  of  segmented  cells  was  coupled  with  a  relative  increment  in  the  proportion  of  red  cells  and 
lymphocytes.  However  the  bone  marrow  cellularity  was  normal,  as  well  as  the  differentiation  in  all  the  lineages,  so 
neither  maturative  blocks  nor  dysplasia  were  evident. 


Table  1.  Bone  marrow  cell  count  in  10  week  old  mice. 


Controls 

Intermittent  ELF- 
EMFs  exposure 

Continous  ELF- 
EMFs  exposure 

Myeloid  Immature  Cells 

13  ±  3.1* 

8  ±  3. It 

7±  4. If 

Segmented  cells 

33  ±9.1 

23  ±8t 

24  ±7.1 

Erythroid  Cells 

45  ±  7.3 

54  ±  10.6t 

53  ±11.6 

Lymphoid  Cells 

12  ±  5.1 

18  ±  3.1 

16±  6 

*The  values  (mean  ±  SD  from  16  mice  per  group)  are  expressed  as  cell  percentages 
t  Significantly  different  values  (a:  p<  0.001)  from  those  of  WT  littermates 

Histological  and  immunohistochemical  analysis  of  lymphoid  organs. 

The  volume  of  the  spleens  of  treated  and  untreated  mice  was  determined  from  the  following  formula:  “(transverse 
diameter)2  *  longitudinal  diameter/transverse  diameter”.  No  differences  were  found  (data  not  shown).  No 
splenomegaly  or  other  macroscopic  pathological  aspects  were  observed. 

Despite  their  normal  size,  the  spleens  of  treated  mice  revealed  a  reduction  in  the  white  pulp  area  (Tab.  2). 
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Table  2.  Extension  of  the  white  pulp  in  the  H&E  stained  spleens. 


Controls 

Intermittent  ELF-EMFs 

Continous  ELF-EMFs 

exposure 

exposure 

White  pulp 

52±  1.1* 

46  ±2° 

43  ±3° 

*The  values  (mean  ±  SD  from  16  mice  per  group)  are  expressed  as  the  percentage  of  the  area 
occupied  by 

White  pulp  area  [%=  (White  pulp  area*100)/total  spleen  area]. 

0  Significantly  different  values  (P<0.01)  from  those  of  WT  littermates. 

The  same  results  were  obtained  when  we  correlated  the  CD4,  CD8  and  B220  positive  areas  with  the  total  spleen 
area,  showing  that  the  reduction  involved  all  the  lymphoid  subsets. 

No  architectural  nor  cytopathological  alterations  were  observed  in  the  lymphoid  (black  arrows)  or  haemopoietic 
(green  arrows)  compartments.  (Fig.4) 


The  percentages  of  the  CD4,  CD8  and  B220  positive  areas  in  the  lymph  nodes  did  not  differ  in  the  treated  and 
untreated  mice. 

The  effects  of  ELF-EMFs  exposure  on  the  immune  system  are  reversible. 

Bone  marrow  and  spleen  samples  were  collected  from  the  treated  and  untreated  BALB/c  mice  after  12  weeks.  The 
haematological  parameter  values  of  treated  mice  are  not  significantly  different  with  respect  to  the  controls.  Count  of 
bone  marrow  cells  on  cytological  smears  shown  a  normalization  in  percentage  of  myeloid  compartments  and 
quantitation  of  white  pulp  area  percentage  in  the  spleen  showed  no  differences  between  experimental  groups  (data 
not  shown). 

FACS  analysis  of  spleen  and  bone  marrow  from  1 8-week-old  mice. 

To  obtain  a  clearer  picture  of  any  slight  effects  of  ELF-EMF,  at  the  end  of  the  treatment  we  performed  FACS 
analysis  of  bone  marrow  and  spleen  cells  at  the  18th  week  of  age;  a  statistically  significant  reduction  in  CDllb+ 
granulocyte  and  monocyte  lineages  was  observed  in  the  male  (Fig.  5,  6),  but  not  the  female  mice. 
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Fig  6 


ELF-EMFs  slow  down  the  body  weight  gain  of  young  but  not  of  adult  BALB/neuT  mice. 

Young  and  adult  female  BALB/neuT  mice  were  exposed  the  same  ELF-EMF  for  12  weeks. 

After  4  weeks,  a  slight  decrease  in  body  weight  was  observed  in  both  continuously  and  intermittently  treated  young 
mice.  This  was  made  up  later. 


ELF-EMFs  exposure  does  not  affect  bone  marrow  myelopoiesis  and  splenic  lymphoid  compartment  in  young 
and  adult  female  BALB/neuT  mice. 

As  for  BALB/c  mice  we  analyzed  hematological  parameters  as  well  as  the  structure  of  hematopoietic  and  lymphoid 
organs.  A  progressive  increase  in  the  number  of  monocytes  and  granulocytes  was  found  in  the  peripheral  blood  of 
BALB/neuT  mice  after  4  and  12  weeks  of  exposure.  Cytological  examination  of  bone  marrow  smears  revealed  a 
predominance  of  segmented  cells  when  compared  to  treated  or  untreated  BALB/c  mice  (Table  3,  compare  to  Table 
1),  coupled  with  a  relative  decrease  in  the  proportion  of  red  cells  and  lymphocytes. 


Table  3  Bone  marrow  counts  in  12-week-old  BALB/neuT  mice. 


Controls 

Discontinous  ELF- 
EMFs  treated  mice 

Continous  ELF-EMFs 
treated  mice 

Myeloid  Immature  Cells 

20  ±  4.1* 

21  ±6.1 

24±  3.1 

Segmented  cells 

42  ±9.1 

47  ±3 

39  ±  5.1 

Erythroid  Cells 

35  ±7.3 

36  ±  10.6 

33  ±  11.6 

Lymphoid  Cells 

10  ±6.0 

12  ±9.2 

14±  4.0 

At  18  weeks  of  age,  FACS  analysis  of  the  spleen  and  bone  marrow  revealed  a  pronounced  increase  of  CDllb+ 
granulocyte  and  monocyte  lineages  in  all  treated  and  untreated  BALBneuT  mice  when  compared  to  BALB/c  mice. 
All  the  alterations  were  proportional  to  the  tumor  burden  and  not  to  the  treatment. 

ELF-EMF  exposure  does  not  modify  the  occurrence  and  progression  of  BALB-neuT  mammary  tumors. 

To  assess  the  effects  of  ELF-EMFs  exposure  on  tumor  occurrence  and  progression,  mammary  glands  of  control  and 
treated  mice  were  analysed  by  Whole  Mount  preparation,  histology  and  immunohistochemistry. 

Fig  7  and  9  show  representative  whole  mount  pictures  of  the  inguinal  mammary  gland  from  a  control  (a),  a 
continuously  (b)  and  an  intermittently  (c)  exposed  BALB  Neu  T  mouse  at  10  and  18  weeks  of  age.  Fig  8  and  10 
show  their  respective  histological  aspects. 

These  pictures  show  that  ELF  -EMS  exposure  didn’t  modify  the  occurrence,  the  progression  or  the  histological 
features  of  the  HER-2  dependent  tumors. 
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Fig  10 


Fig  8 


Fig  9 


Fig  7 
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SUMMARY 

This  study  was  performed  on  a  large  number  of  animals  (a  total  of  720  mice)  with  an  innovative  dedicated  generator 
of  ELF-EMF  to  answer  the  following  questions: 

*  Whether  ELF-EMFs  influence  the  growth  and  the  haemopoietic  system  of  BALB/c  mice 

*  Whether  male  and  female  animals  are  equally  responsive 

*  Whether  young  and  adult  animals  are  equally  responsive 

Our  results  clearly  indicate  that  ELF-EMF  exposure  slow  down  the  body  weight  gain  and  alter  the  haemopoietic 
system  of  young,  but  not  of  adult  BALB/c  mice  resulting  more  effective  on  male  compared  to  female  animals. 

Subsequently  we  wondered: 

*  Whether  these  effects  are  transient  or  persistent 

*  Whether  a  dose-response  relation  or  a  threshold  value  for  the  ELF-EMF  intensity  is  apparent 

*  Whether  continuous  and  intermittent  (night-time  only)  exposure  exert  the  same  effects 

Interestingly  we  found  that  after  the  first  12  weeks  of  exposition  gain  loss  and  alterations  of  spleen  and  bone  marrow 
cell  count  were  almost  completely  recovered  persisting  only  a  reduction  of  granulocyte  and  monocyte  lineages  in  the 
male  mice  exposed  from  the  young  age. 

We  were  not  able  to  find  a  dose-response  relation  or  a  threshold  value  for  the  ELF-EMF  intensity  nor  a  difference 
between  continuous  and  intermittent  exposure. 

Lastly  the  effect  of  ELF-EMF  exposure  on  BALB  NeuT  mice  growth,  hemopoietic  system  and  mammary 
carcinogenesis  was  investigated. 

Only  a  slight  loss  of  weight  during  the  first  month  of  treatment  was  reproduced  in  the  BALB  NeuT  system.  Spleen 
and  bone  marrow  cell  count  as  well  as  tumoral  occurrence  and  growth  appeared  not  to  be  influenced  by  ELF-EMF 
exposition  probably  because  of  the  aggressiveness  of  this  model  of  mammary  cancerogenesis  and  of  cancer-driven 
haematological  dysregulation. 

This  study  demonstrates  that  ELF-EMF  produce  a  biological  stress  that  affects  weight  gain  and  haemopoiesis  of 
growing  mammalian  organisms.  Healthy  subjects  are  able  to  both  adapt  to  and  compensate  it.  Further  studies  are 
requested  to  elucidate  the  role  of  oncosuppressors  or  repair  systems  in  this  scenario. 
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APPENDIX 

Instrument.  The  50Hz  electromagnetic  fields  were  generated  by  a  pair  of  Helmholtz  coils.  This  device  was  planned 
and  built  to  deliver  variable,  homogeneous,  sine-wave  alternate  current  magnetic  fields  with  50  Hz  frequency  and 
intensities  ranging  between  0. 1-1.0  mT±2%.  The  pair  of  Helmholtz  coils,  (r=630mm,  distance  between 
coils=700mm),  parallel  to  the  ground  and  producing  homogeneous  magnetic  field  over  the  specified  volume-under- 
test  corresponding  to  the  plastic  cage  in  which  where  the  animals  to  be  exposed,  were  located  in  an  isolated  room 
containing  also  the  control  animals  out  of  the  electromagnetic  fields  exposure  area.  The  coils  were  connected  to  a 
power  supply  Elgar  Electronics  (mod.  CW  2501P)  and  were  used  to  generate  0.1-1.0mT  ELF  for  long  time  animal 
exposure  (up  to  1 6  weeks). 


The  Helmholtz  coils  connected  to  the  power  supply 
Mice. 

Female  and  male  Balb-c  and  Balb-neuT  mice  transgenic  for  the  activated  rat  neu  oncogene  have  been  generated  in 
our  laboratories. 

Four-week  old  females  were  routinely  screened  for  the  transgene  by  PCR,  as  previously  described  ([  ]Muller  Cell 
1988). 

120  male,  120  female  B  ALB/c  and  120  BALB-neuT  mice  entered  the  study  at  6  and  10  weeks  of  age.  Each  group  of 
120  mice  was  divided  into  3  groups  of  40  mice:  control  group,  intermittently  exposed  group  and  continuously 
exposed  group.  Mice  exposed  intermittently  were  exposed  during  the  night  only  (active  period  of  mice).  Half  of  the 


64 


ELF-EMF  EXPOSURE  AFFECTS  BODY  WEIGHT  GAIN  AND  HAEMOPOIESIS  IN 
YOUNG  BALB/C  MICE. 

mice  were  selected  for  the  sacrifice  after  4  weeks  of  exposition.  The  remaining  20  mice  were  sacrificed  after  12 
weeks  of  treatment.  GraphPad  Software  was  used  to  secure  uniform  randomization. 

All  the  procedure  was  repeated  twice  for  the  experiments  with  0,5mT  and  lmT  intensity  ELF-EMF. 

Analysis  of  body  weight  trend 

Mice  were  weighted  before  they  entered  the  study  and  start  the  exposition  to  the  ELF-EMF.  The  body  weight  was 
checked  each  1 5  days  and  the  body  weight  trend  was  plotted  and  analyzed  by  GraphPad. 

Blood  and  bone  marrow  smear 

Peripheral  blood  was  collected  via  intra-cardiac  extraction. 

Bone  marrow  was  flushed  from  femur  and  tibia  and  suspended  in  PBS  IX.  A  small  drop  of  blood  or  bone  marrow 
suspension  is  placed  on  the  surface  of  a  clean  glass  slide  near  the  end.  An  edge  of  the  spreader  slide  is  placed  on  the 
first  slide  to  the  left  of  the  drop  of  blood  and  is  pulled  to  the  edge  of  the  drop.  When  the  smear  was  completely  dried, 
it  was  stained  by  May-Grunwald  Giemsa. 

Histology  and  Immunohistochemisty 

For  histologic  evaluation,  tissue  samples  were  fixed  in  10%  neutral-buffered  Formalin,  embedded  in  paraffin, 
sectioned  at  4  pm,  and  stained  with  H&E.  For  immunohistochemistry,  paraffin-embedded  or  acetone-fixed  cryostat 
sections  were  immunostainedwith  anti-pl85  (clone  C-18)  (Santa  Cruz  Biotechnology),  anti-proliferative  cell  nuclear 
Ag  (PCNA)  (clone  PC10)  (DakoCytomation),  anti-endothelial  cells  (CD31,  PECAM-1,  clone  MEC13.3)  (BD 
Pharmingen),  anti-Mac-1  (CDllb/CD18,  clone  Ml/70.5),  anti-CD8  (Ly/T2,  clone  YT5  169.4)  and  anti-CD4  (LT34, 
clone  YT5.191.1.2;  all  from  Sera-Lab,  Crawley  Down,  Sussex,  United  Kingdom),  or  anti-CDllc  (clone  N418; 
Chemicon  International  Inc.,  Temecula,  CA),  anti-CD45R/B220  (clone  RA3-6B2;  all  from  PharMingen,  San  Diego, 
CA),Abs.  After  washing,  sections  were  overlaid  with  biotinylated  goat-anti-rat  and  anti-rabbit  Ig  (Vector 
Laboratories)  for  30  min.  Unbound  Ig  was  removed  by  washing,  and  slides  were  incubated  with  avidin-biotin 
complex /alkaline  phosphatase  (DakoCytomation).  To  quantify  germinal  centers  (GC),  each  spleen  was  transversely 
dissected  into  four  segments  from  which  semiserial  sections  were  obtained.  The  GC  in  the  total  area  of  each  section 
were  counted.  Morphologic  studies  were  conducted  independently  by  three  pathologists  in  a  blind  fashion. 

Whole  mount  and  image  analysis 

Whole  mounts  of  all  mammary  glands  were  done  as  indicated  in 
http://ccm.ucdavis.edu/tgmouse/HistoLab/wholmtl.htm.  Digital  images  were  acquired  by  dividing  the  whole  mount 
of  each  gland  into  10  quadrants.  Ten  points  were  randomly  chosen  on  the  duct  surface  in  each  quadrant  and  the 
corresponding  lesions  were  measured.  All  lesions  with  a  diameter  >150  pm  on  the  same  quadrant  were  counted. 
Images  of  whole-mount  preparations  were  taken  with  a  Nikon  Coolpix  950  digital  camera  (Nital  Spa,  Turin,  Italy) 
mounted  on  a  stereoscopic  Leica  MZ  6  microscope  (Leica  Microsystems,  Milan,  Italy).  A  0.63  objective  were  used 
to  obtain  images  with  a  total  magnification  of  x630  and  a  resolution  of  1,600  x  1,200  pixels.  Images  were  acquired 
within  Adobe  Photoshop  version  6.0  graphic  software  (Adobe  Systems,  San  Jose,  CA).  Glands  larger  than  a  single 
imaging  area  were  captured  by  photographing  contiguous  microscopic  fields  in  a  raster  pattern.  Each  captured  image 
was  merged  using  the  layer  technique  in  Adobe  Photoshop  to  form  a  single  composite  image  for  analysis.  Spatial 
calibration  was  determined  by  photographing  a  1  mm  stage  using  the  same  parameters  as  those  for  image  capturing 
of  whole-mount  preparations.  The  distance  drawn  on  the  1  mm  calibration  image  was  divided  by  1,000  to  find  the 
number  of  pixels  per  micrometer.  In  each  image,  100  discrete  points  were  randomly  chosen  on  the  duct  surface  and 
lesion  widths  in  micrometer  were  measured  perpendicular  to  duct  direction.  Points  with  no  lesion  were  ranked  as 
zero.  Lesion  measurements  were  recorded  on  an  Excel  spreadsheet  and  mean  and  SE  were  calculated  for  each 
treatment  group.  Statistics  were  obtained  with  a  two-tailed  Student's  t  test. 

Flow  Cytometry 

Single  cell  suspensions  of  bone  marrow  and  spleen  were  prepared.  The  cells  were  washed  in  PBS  with  1%FCS 
(staining  buffer).  Aliquots  of  0.5-1.0>C106  cells  were  then  stained  for  30  min  on  ice  with  monoclonal  antibodies 
conjugated  with  fluorescein  isothiocyanate  (FITC)  or  phycoerythrin  (PE).  The  antibodies  used  in  these  experiments 
included  reagents  specific  for:  B220  (CD45R),  TER-119,  CD4,  CD8ot,  MHC-classII  (all  antibodies  were  purchased 
from  Miltenyi).  Cells  were  washed  once  in  staining  buffer  and  multicolor  flow-cytometric  analysis  was  done  with  a 
FACScan  (Becton-Dickinson).  A  minimum  of  10  000  events  were  acquired  and  the  data  was  analyzed  using 
CellQuest  software.  Statistics  were  obtained  with  two-tailed  Student’s  t  test. 


65 


SUPPRESSION  OF  NO  PRODUCTION  IN  MACROPHAGES 
BY  ELF  ELECTRO-STIMULATION 


MUNEYOSHI  KAGAWA,  TOSHIYUKI  SHIMOOKA,  YUJI  KURACHI 

and  KOICHI  SHIMIZU 

GRADUATE  SCHOOL  OF  INFORMATION  SCIENCE  AND  TECHNOLOGY, 

HOKKAIDO  UNIVERSITY 


Abstract 

We  have  pursued  the  possibility  to  control  immune  functions  by  ELF  electro-stimulation.  As  the  first  step,  the 
effect  of  electro-stimulation  on  the  NO  producing  ability  of  macrophages  was  examined.  The  decrease  of  NO 
production  due  to  the  electro-stimulation  was  observed  with  statistical  significance.  To  elucidate  the  mechanism 
of  this  phenomenon,  the  amount  of  the  NO  synthesizing  enzyme  was  measured.  The  measurement  showed  the 
decrease  in  the  emergence  of  the  enzyme  with  statistical  significance,  as  well.  These  facts  suggested  that  the 
ELF  electro-stimulation  suppressed  the  emergence  of  the  NO  synthesizing  enzyme  and  that  the  amount  of  NO 
production  was  consequently  decreased  by  the  electro-stimulation.  To  analyse  the  association  between  the 
amount  of  the  NO  synthesizing  enzyme  and  the  amount  of  NO  production,  the  dose-response  of  this  effect  was 
investigated  by  changing  the  electric  current  density  of  the  electro-stimulation.  The  rates  of  the  decrease  in  NO 
synthesizing  enzyme  and  the  NO  production  were  found  to  be  very  close.  These  results  showed  that  the  change 
in  the  NO  synthesizing  enzyme  is  closely  involved  in  the  mechanism  of  the  suppression  of  NO  production  by 
electro-stimulation.  This  suggested  the  feasibility  to  control  the  immune  function  by  applying  electro¬ 
stimulation  from  outside  the  body. 


Introduction 

The  influence  of  ELF  electromagnetic  field  on  various  physiological  functions  has  been  reported,  and  much 
study  has  been  conducted  mainly  from  the  view  point  of  adverse  effects.  On  the  other  hand,  there  is  a  clinical 
application  such  as  therapeutic  instruments  using  ELF  electric  field.  With  the  view  towards  the  immune  control 
by  ELF  electric  field  exposure,  we  have  studied  the  effect  of  electro-stimulation  on  cell  functions.  Macrophages 
play  important  roles  in  a  human  immune  system.  We  have  examined  the  effect  of  electro-stimulation  on  the 
phagocytic  activity  and  the  active  oxygen  production  ability  of  macrophages.  Through  this  study,  it  has  been 
found  that  the  both  activities  are  suppressed  by  the  capacitively  coupled  electro-stimulation11 2I.  The  electric 
current  induced  in  the  suspension  of  cells  was  in  the  similar  order  to  that  induced  in  the  human  body  with  the 
therapeutic  instrument  of  electric  field  exposure. 

In  the  current  study,  we  have  examined  the  effect  of  electro-stimulation  on  the  production  capacity  of  nitric 
oxide  (NO).  The  NO  is  a  kind  of  the  same  radicals  as  the  active  oxygen  and  is  produced  in  the  immune  function 
of  a  macrophage.  The  NO  is  produced  to  kill  bacteria  but  can  destroy  normal  cells  when  produced  excessively. 
Moreover,  it  reacts  with  the  active  oxygen  and  becomes  the  peroxynitrite  (ONOO  ).  The  ONOO  is  more  toxic 
and  damages  normal  cells.  Therefore,  if  we  can  control  the  NO  production,  it  will  contribute  to  the  prevention 
and  the  treatment  of  various  diseases.  We  have  examined  this  possibility  by  the  ELF  electro-stimulation  in  vitro. 

Materials  and  Methods 
macrophage  preparation 

Peritoneal  exudate  macrophages  were  used  in  all  the  experiments.  The  thioglycollate  medium  (4.05%,  2  ml) 
was  injected  in  the  peritoneal  cavity  of  a  normal  mouse  (Std:ddy,  female,  7-llweeks).  After  3  or  4  days,  the 
cells  were  harvested  from  the  mouse  abdomen.  Then,  macrophages  were  collected  from  the  cells  in  the 

established  method.  [3]  We  prepared  the  cell  culture  solution  (RPMI  1640  with  L-Glutamine  ,  Sodium 
Bicarbonate  and  10%Fetal  Bovine  Seram:  RPMI  1640,  hereafter)  with  0.5><105IU  penicillin  G  potassium  and 
50mg  streptomycin  sulfate  added.  The  collected  macrophages  were  suspended  in  the  cell  culture  solution  to 
make  the  cell  density  of  2><106cells/ml.  When  electro-stimulation  was  applied  to  the  cells,  the  IFN-y(10U/ml) 
and  the  LPS(l|ig/ml)  were  added  as  stimulants  to  both  the  stimulation  group  and  sham  group. 
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electrostimulation  system 

The  macrophage  cells  were  stimulated  by  the  electric  current  in  the  container  insulated  electrically  from  the 
electrodes  to  simulate  the  condition  of  electro-stimulation  from  outside  the  human  body.  Figure  1  shows  the 
structure  of  the  sample  container. 

Two  plane  electrodes  were  kept  parallel  with  3  mm  distance  by  a  plexiglass  separator.  The  electrodes  were 
square  cupper  plates  (24mmx24mm><6mm  top  and  32mmx32mmx6mm  bottom).  The  top  electrode  was 
insulated  with  a  0.15  mm  thick  cover-glass,  and  the  bottom  one  with  0.10  mm  thick  silicone  film.  The  outline  of 
the  electrostimulation  system  is  shown  in  Fig. 2.  Two  electrodes  were  connected  to  a  high-voltage  power  source 
through  a  noise  filter.  As  the  power  source,  the  power  supply  of  a  commercial  apparatus  for  the  electric  field 
therapy  was  used  (Flealthtron  ,  Hakuju  Inst.  Health  Science,  maximum  supply  voltage  lOkV).  A  sinusoidal  AC 
signal  of  50Hz  was  supplied  to  the  apparatus  with  a  waveform  generator  to  make  the  high-voltage  with  the 
sinusoidal  waveform  of  50Hz.  In  the  experiment,  the  cell  suspension  was  placed  in  the  container,  and  electro¬ 
stimulation  was  applied  in  a  C02  incubator  (38°C,  C025%).  The  cell  suspension  of  the  sham  group  was  kept  in 
another  incubator  of  the  same  condition. 
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Fig. 2  Schematic  diagram  of  electro-stimulation 
system. 


Effect  on  NO  production 

We  stimulated  macrophages  in  the  suspension  with  IFN-y  and  LPS,  and  applied  the  electro-stimulation  for  the 
exposure  group.  The  sham  group  was  treated  in  the  same  way  except  connecting  to  the  power  source.  The 
amount  of  NO  produced  outside  the  cell  was  measured  as  fluorescent  intensity  (495nm  excitation  and  515nm 
emission)  using  fluorescent  reagent  Diamino fluorescein-2(DAF -2)  for  the  NO  detection. 

Macrophages  were  collected  in  the  established  method,  and  washed  three  times  with  Hanks’  Balanced  Salt 
Solution  (HBSS)  in  centrifugation  (400G)  for  5  minutes.  Then,  they  were  suspended  in  the  culture  liquid  RPMI 
1640  again,  and  the  electro-stimulation  (50Hz,  35pA/cm2,  16h)  was  applied.  After  the  electro-stimulation,  the 
macrophages  were  washed  with  HBSS  in  centrifugation,  and  cultured  in  HBSS  suspension  with  DAF-2(10|iM) 
and  L-arginine(lmM)  two  hours  without  electro-stimulation.  After  the  two  hour  culturing,  the  supernatant  part 
was  separated  in  centrifugation.  With  a  fluorescent  photometer,  the  fluorescent  spectrum  of  the  supernatant  was 
measured.  The  supernatant  of  the  sham  group  was  collected  in  the  same  process  except  for  the  electro¬ 
stimulation,  and  the  fluorescent  spectrum  was  measured  in  the  same  way  as  the  stimulation  group. 

Figure  3  shows  an  example  of  the  measured  result.  The  abscissa  is  the  wavelength  and  the  ordinate  is  the 
fluorescent  intensity.  The  wavelength  of  the  intensity  peak  was  around  515  nm  in  both  cases.  There  was  no 
significant  change  in  the  shape  of  the  spectrum,  but  30%  decrease  in  the  intensity  was  observed  in  the 
stimulation  group.  This  suggest  the  suppression  of  NO  production  by  the  electro-stimulation.  The  same 
experiments  were  repeated  nine  times.  Figure  4  shows  the  reduction  ratios  of  the  fluorescent  intensity  between 
the  stimulation  and  the  sham  groups.  In  all  the  nine  cases,  the  fluorescent  intensity  was  decreased  by  the  electro¬ 
stimulation.  The  p-value  of  the  paired-t  test  was  1.79xl0'2,  which  suggested  the  suppression  of  NO  production 
by  the  electro-stimulation  with  a  statistical  significance. 
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Fig3.  Example  of  measured  NO  production  by 
fluorescence  spectroscopy. 
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Fig. 4  Suppression  of  NO  production. 


Effect  on  iNOS  expression 

NO  is  synthesized  in  a  macrophage  by  the  inducible  nitric  oxide  synthase  (iNOS).  To  elucidate  the 
mechanism  of  the  suppression  in  the  NO  production,  the  effect  of  the  electro-stimulation  on  the  iNOS 
expression  was  examined.  The  amount  of  the  iNOS  expression  was  evaluated  by  measuring  the  fluorescent 
intensity  in  the  indirect  immunity  fluorescent  method. [5' 61 

In  the  same  way  as  the  one  mentioned  above,  macrophages  were  collected,  separated  into  two  groups,  and 
electro-stimulation  (50Flz,  35uA/cnr,  16h)  was  applied  to  the  stimulation  group.  After  the  electro-stimulation, 
the  macrophages  were  collected  in  the  centrifugation.  With  70%  ethanol,  the  cell  membrane  was  processed  to 
enhance  its  permeation.  After  three  times  centrifugation  (400G,  5  minutes),  macrophages  were  suspended  in 
FIBSS.  We  added  the  rabbit  anti-iNOS  antibody  (BD  Biosciences)  and  kept  it  in  a  shaker  bath  at  4  °C  in  30 
minutes.  Then  we  added  20pg/ml  of  the  FITC  tagged  hircine  anti-rabbit  Ig  antibody  (MP  Biomedicals  Inc.)  and 
kept  it  in  the  shaker  bath.  Finally,  we  fixed  the  suspension  with  1%  paraformaldehyde,  and  measured  the 
fluorescent  intensity  with  a  flow  cytometer  (FACS  Calibur  Becton  Dickinson  and  Company). 

Figure  5  shows  an  example  of  the  results.  The  abscissa  is  the  fluorescent  intensity  in  an  arbitrary  unit,  and  the 
ordinate  is  the  number  of  the  cell.  The  broken  line  in  the  figure  shows  the  average  intensity  of  all  the  cells.  The 
average  values  were  79  and  65  for  the  sham  (a)  and  the  stimulation  (b)  cases,  respectively.  This  result  showed 
the  decrease  in  iNOS  expression  by  the  electro-stimulation.  The  same  experiments  were  repeated  eleven  times. 
Figure  6  shows  the  ratio  of  the  average  intensity  between  the  simulation  and  the  sham  cases.  As  shown  in  the 
figure,  the  decrease  in  fluorescent  intensity  was  observed  in  all  the  eleven  trials.  The  p-value  of  the  paired-t  test 
was  5.52><10"5.  This  suggested  that  the  iNOS  expression  was  suppressed  by  the  electro-stimulation  with 
statistical  significance. 


intensity  of  FITC(a.u.) 
(a)  sham 


intensity  for  FITC(a.u.) 
(b)  electro-stimulation 


Fig. 5  Example  of  measured  iNOS  expression  by  fluorescence  spectroscopy. 
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Fig. 6  Suppression  of  iNOS  expression. 


Analysis  of  dose-response 

As  the  first  step  of  quantitative  evaluation,  the  dose-response  of  these  phenomena  was  analysed.  In 
experiments,  the  amounts  of  the  NO  production  and  the  iNOS  expression  in  different  current  densities 
(0.35uA/cnr,  0.675uA/cnr,  3.5Au/cm:)  were  measured.  After  the  electro-stimulation  in  16  hours,  the  cell 
suspension  was  divided  into  two.  One  was  used  for  the  measurement  of  the  NO  production,  and  another  is  for 
that  of  iNOS  expression.  Figure  7  shows  the  results  of  the  measurements.  The  abscissa  is  the  current  density  and 
the  ordinate  is  the  fluorescent  intensity  normalized  by  that  of  the  sham  case.  The  number  of  repeated 

measurements  were  4,  6  and  4  for  the  cases  of  0.35pA/cm2  ,  0.675|iA/cm2  and  3.5pA/cm2,  respectively.  The 
result  of  35|iA/cm2  case  was  added,  in  which  the  numbers  of  the  repeated  experiments  were  11  and  9  for  NO 
and  iNOS  cases,  respectively. 

With  the  current  density  of  0.3  5p  A/cm2,  we  could  not  observe  apparent  decrease  in  either  of  the  NO  or  the 
iNOS.  With  0.675|iA/cm2,  about  5%  decrease  was  observed.  With  the  current  density  of  more  than  3.5|iA/cm2, 
more  than  15%  decrease  was  observed.  In  both  of  the  NO  and  the  iNOS,  the  threshold  of  the  suppression  seems 
to  exist  between  0. 3 5 u A/cm 2  and  3.5|iA/cm2.  The  similar  characteristics  in  the  dose-response  strongly  suggested 
the  close  correlation  between  the  suppression  of  iNOS  expression  and  that  of  NO  production. 
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Fig.  7  Analysis  of  NO  and  iNOS  suppression  effect  by  electro-stimulation. 


Discussion 

In  the  in-vitro  experiments,  it  was  found  that  the  NO  production  is  significantly  suppressed  by  the  ELF 
electro-stimulation.  This  suggested  the  possibility  to  control  the  functions  of  macrophages  by  the  electro¬ 
stimulation  applied  from  outside  the  body  using  the  apparatus  for  the  electric  field  therapy.  Since  a  macrophage 
plays  an  important  role  in  the  first  stage  of  the  immune  response,  the  electro-stimulation  can  influence  the  entire 
immune  reaction.  For  example,  we  can  expect  the  relief  from  the  following  diseases.  They  include  the  chronic 
inflammation  and  the  autoimmune  diseases  caused  by  an  excessive  immune  response.  We  can  also  expect  the 
relief  from  the  endotoxin  shock  due  to  the  excessive  NO  production,  the  etiologic  vasodilation,  the  cardio¬ 
vascular  ischemia,  the  cerebral  hemorrhage  and  the  cancers.  Moreover,  we  have  confirmed  the  suppression  of 
the  active  oxygen  production  by  the  electro-stimulation.121  Therefore,  we  can  also  expect  the  control  of  ONOO" 
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production  which  shows  high  cell-toxicity. 

However,  the  finding  of  this  study  is  only  the  result  of  in-vitro  experiments  using  macrophages.  We  need 
further  investigation  to  confirm  this  effect  with  human  macrophages,  and  the  investigation  on  this  effect  in-vivo 
where  other  kinds  of  cells  are  closely  interacted.  Yoshikawa  and  his  co-workers  reported  the  increase  of  NO 
production  in  the  liver  when  LPS  (2  mg/kg)  was  administered  by  abdominal  injection  and  the  magnetic  field 
(60Hz,  0.  lmT)  was  exposed  in  5.5  hours.  The  current  density  induced  by  this  magnetic  field  inside  the  body  is 
estimated  at  1.1  *10"8  A/cm2.  This  result  is  opposite  to  our  result.  It  seems  that  the  direct  comparison  between 
these  two  cases  is  not  appropriate,  since  the  object  cell  and  the  current  density  is  greatly  different  among  them. 

Besides  this,  there  have  been  few  reports  on  the  effect  of  ELF  electromagnetic  fields  on  the  NO  production, 
and  little  has  been  known  on  its  mechanism.  We  consider  that  the  arginine  metabolism,  iNOS  activity  and  iNOS 
expression  are  closely  associated  with  the  decrease  in  the  NO  production.  To  investigate  this  mechanism,  we 
have  compared  the  amounts  of  NO  production  and  the  iNOS  expression. 

Figure  7  shows  the  coincidence  in  the  reduction  ratio  of  fluorescent  intensity  between  NO  and  iNOS  by  the 
same  electro-stimulation.  This  result  suggests  that  the  electro-stimulation  affects  the  NO  production  through 
iNOS  expression.  The  signal  transmission  pathway  for  the  iNOS  expression  is  stimulated  by  LPS  and  IFN-y 
through  receptors  on  a  cell  membrane.  As  the  result,  a  transcription  factor  is  activated  and  the  iNOS  is 
transcribed.  In  our  study,  the  electro-stimulation  was  applied  from  the  beginning  when  we  started  the 
stimulation  with  LPS  and  IFN-y.  Therefore,  it  is  most  plausible  that  the  electro-stimulation  affects  this  process. 

However,  the  following  possibility  cannot  be  neglected.  In  the  peritoneal  exudate  cells  used  in  this  study,  about 
10%  cells  were  not  macrophages.  Since  these  non-macrophage  cells  can  affect  the  signal  transmission  pathway 
of  the  NO  production,  they  might  influence  the  mechanism  of  the  suppression  of  the  NO  production.  Therefore, 
we  have  to  examine  this  point  in  the  experiment  using  the  pure  macrophage  cells  separated  from  other  cells. 

In  our  experiment,  the  threshold  of  the  effect  was  found  between  0.35|iA/cmand  3.5|iA/cm2.  In  the  study  for 
the  biological  effects  of  ELF  electromagnetic  fields,  the  minimum  threshold  of  magnetic  field  exposure  has  been 
reported. [7]  According  to  the  report,  the  threshold  current  density  for  the  characteristic  change  in  tissues  and 
cells  was  in  the  order  of  10mA/m2  or  lpA/cm2.  Though  this  threshold  is  for  the  electric  current  induced  by 
magnetic  field,  it  is  very  close  to  our  result  in  which  the  electric  current  was  induced  by  the  electric  field. 

Conclusion 

With  the  view  toward  the  control  of  immune  functions  by  ELF  electric  field  exposure,  the  effect  of  the 
electro-stimulation  on  the  NO  production  of  macrophages  was  examined  in  vitro.  The  decrease  of  NO 
production  due  to  the  electro-stimulation  was  observed  with  statistical  significance.  In  experiments,  it  was  found 
that  the  expression  of  NO  synthesizing  enzyme  or  iNOS  was  suppressed  in  the  same  rate  as  NO  in  the  electro¬ 
stimulation.  Further  investigation  is  required  to  ascertain  this  mechanism  of  NO  suppression  and  to  verify  the 
feasibility  of  the  immune  control  by  electro-stimulation. 
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Abstract 

A  hypothesis  is  proposed  how  LF  EMF  treatment  can  stimulate  an  immune  response,  based  on  recent  insights  in 
immunology.  Danger  signals  have  been  shown  in  the  last  decade  to  be  an  essential  factor  in  the  coordinated 
response  of  the  immune  system  to  pathogens.  We  hypothesize  that  the  EMF  treatment  induces  mild  stress  to 
cells  in  the  body,  which  then  produce  danger  signals  for  the  immune  system.  In  this  way  EMF  treatment  takes 
the  place  of  multiplying  pathogens  and  the  damage  these  cause  in  the  triggering  of  an  immune  response. 

Introduction 

Immunent  has  developed  a  signal  for  advancing  and  elevating  the  immune  response  to  pathogens  (multiple  LF 
components,  0.1-50  pT,  30  minutes  per  day)  which  we  have  tested  at  various  experimental  conditions.  Pilot 
findings  with  this  signal  (proprietary,  but  available  for  research  purposes)  were  presented  at  the  2004  Kos 
meeting  (Cuppen  and  Vink  2004).  In  subsequent  experiments  with  carp,  goldfish  and  chickens  significant  and 
often  strong  effects  of  immune  stimulation  have  been  observed.  The  effects  include:  40%  increased  oxidative 
burst  of  isolated  phagocyting  cells  (p<0.001),  60%  decreased  mortality  in  infected  fish  (p<0.001),  5%  decreased 
feed  consumption  for  equal  growth  in  chicken  (p<0.05)  comparable  to  the  use  of  preventive  antibiotics  and  40% 
decreased  intestinal  lesions  in  chicken  (p<0.01)  due  to  Eimeria  infections.  These  results  are  reported  in  detail  at 
this  conference  in  one  presentation  and  two  posters. 

In  this  paper  we  take  the  liberty  to  hypothesize  about  the  observed  strong  responses  of  the  immune  system  of  this 
broad  range  of  animals.  The  hypothesis  regards  the  possible  mechanism  of  action  and  attempts  to  answer  the 
question  how  such  weak,  short  duration  EMF  signals  can  induce  an  effective  immune  response. 

Hypothesis 

During  last  decade  in  immunology  a  hypothesis  has  been  developed  that  immune  response  is  not  only  due  to  the 
presence  of  non-self  cells  but  also  needs  the  presence  of  promoters  (e.g.  Matzinger  2002,  Kapsenberg  2003,  Shi 
et  al  2003).  This  holds  in  particular  for  the  innate  immune  response  to  pathogens  not  earlier  encountered.  Such 
promoters  are  called  “danger”  signals.  An  example  might  be  Heat  Shock  Proteins  (prime  examples  of  cell 
response  to  injury  or  insult),  as  well  as  Interferon,  Interleukins  and  other  cytokines.  Danger  signals  are  formed 
when  cells  get  stressed  or  damaged,  and  this  is  “presumed  by  the  cells”  to  be  caused  by  harmful  pathogens.  The 
idea  behind  the  view  is  that  strange  DNA  that  does  not  cause  damage,  such  as  a  foetus  or  food,  does  not  and 
should  not  trigger  an  immune  response.  Support  for  this  view  has  been  obtained  from  the  new  approach  to 
transplants  that  originated  from  it:  after  surgery  the  transplant  organ  contains  lots  of  danger  signals  due  to  the 
cell  damage  caused  by  surgery  or  the  trauma  of  the  donor.  Flushing  of  the  transplant  organ,  which  eliminates 
danger  signals  from  the  organ  tissue,  led  to  an  enormous  decrease  in  rejection  reactions  from  the  receiving 
patient.  With  this  technique,  a  strong  reduction  in  immune  suppressing  medication  could  be  achieved. 
In  immunology  other  factors  besides  damage  due  to  pathogens  have  been  identified  that  stimulate  the  production 
of  danger  signals,  such  as  stress  or  shock  from  salt,  cold  or  heat.  See  Engelsma,  Hougee  and  Nap  (2003),  and 
Huising,  Guichelaar  and  Hoek  (2003). 

The  danger  signal  hypothesis  can  be  schematically  represented  as  in  Figure  1. 
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Figure  1.  Matzinger  Hypothesis 


more  danger  signals 


Several  authors  (see  Blank,  Khorkova,  and  Goodman  1992,  Goodman,  Blank  and  Lin  1994,  Blank,  Lin  and 
Goodman  1995,  Simko  and  Mattsson  (2004),  Monselise,  Parola  and  Kost  2003,  de  Bmyn  and  de  Jager  1994, 
Mevissen,  Haussler,  Szamel,  Emmendorffer,  Thun-Battersby  and  Loscher  1998,  Markov,  Nindl,  Hazlewood  and 
Cuppen  2006)  discussing  the  effects  initiated  by  various  EMF  signals  have  demonstrated  the  production  of 
cytokines,  increased  immune  parameters  and  stress  effects  and  concluded  that  EMF  causes  stress  at  the  cellular 
level  and  that  this  leads  to  production  of  cytokines  and  consequently  biological  response,  including  immune 
response.  This  has  led  Mattson  and  Simko  (2004)  to  formulate  a  hypothesis  that  proposes  a  mechanism  for 
immune  activation  due  to  short  term  EMF  exposure  (see  Figure  2)  and  a  mechanism  for  cell  damage  due  to  long 
term  EMF  exposure. 


Based  on  published  theoretical  and  experimental  studies,  as  well  as  our  own  experience  we  propose  a  hypothesis, 
that  combines  and  extends  the  views  quoted,  by 

a)  the  observation  that  an  immune  response  is  a  self  stimulating  process,  at  least  in  the  initial  stages. 
Macrophages  become  activated  under  the  influence  of  danger  signals,  and  thus  have  a  higher  statistical 
chance  and  a  lower  expected  time  until  they  actually  encounter  and  recognise  pathogens.  Once  this 
happens  they  themselves  produce  cytokines  that  increase  the  immune  response  etcetera 

b)  the  observation  that  for  chronic  infection  apparently  the  feedback  cycle  stated  in  a)  does  not  gain 
sufficient  momentum  for  the  infection  to  reach  acute  phase 

c)  the  observation  that  for  new  infections  a  more  active  and  alert  immune  system  will  start  the  feedback 
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loop  in  a)  earlier,  thus  slowing  down  the  multiplication  of  pathogens  and  reducing  damage. 
Therefore  we  propose  an  extended  hypothesis  which  can  be  schematically  represented  as  in  Figure  3. 


The  core  of  the  proposed  Hypothesis  is  that  short  term  LF  EMF  exposure,  possibly  repeated,  can  produce  danger 
signals  that  can  trigger  the  immune  system  activation  feedback  mechanism  in  the  presence  of  pathogens.  As 
such  the  EMF  induced  danger  signals  take  the  place  of  the  danger  signals  that  would  be  produced  by  multiplying 
pathogens  and  the  damage  they  cause  to  cells  and  tissues.  In  this  way  a  timely  EMF  treatment  can  avoid  the 
delay  given  by  the  time  it  takes  for  enough  damage  to  occur  and  danger  signals  to  be  produced  in  a  normal 
disease  development.  Thus  the  immune  response  to  pathogens  can  be  advanced  in  time  and  damage  and  a  well 
developed  pathogen  attack  can  be  avoided. 

In  our  own  in  vivo  experiments  (Cuppen  et  al.  2004,  2006c,  2006d)  we  have  observed  immune  stimulation 
effects  after  repeated  exposures  of  30  minutes  per  day.  There  is  evidence  in  literature  and  there  are  anecdotal 
indications  that  continuous  exposure  to  EMF  leads  first  to  increased  immune  parameters,  but  later  to  decreased 
immune  parameters,  which  can  be  interpreted  as  exhaustion  (Mevissen  et  al.  1998,  Jager  et  al.  2004). 


References 

Blank  M.,  Khorkova  O.  and  Goodman,  R.  (1992):  Changes  in  polypeptide  distribution  stimulated  by  different 
levels  of  electromagnetic  and  thermal  stress.  Bioelectrochem.  Bioenerg.  33,  109-1 14,  1992 
Blank  M.,  Lin  H.  and  Goodman,  R.  (1995)  Increased  expression  of  heat  shock  genes  in  cells  exposed  to  60  Hz 
electromagnetic  fields.  Mol.  Biol.  Cell  6,  466a,  1995. 

Monselise  E.  B.-I.,  Parola  A.H.,  Kost  D.  (2003):  Low-frequency  electromagnetic  fields  induce  a  stress  effect 
upon  higher  plants,  as  evident  by  the  universal  stress  signal,  alanine.  Biochem  Biophys  Res  Commun.  2003  Mar 
7;302(2):427-34. 

Bruyn  L.  de,  de  Jager  L.  (1994)  Electric  field  exposure  and  evidence  of  stress  in  mice.  Environ  Res.  1994 
Apr;65(l):149-60. 

Cossarizza  A.,  Angioni  S.,Petraglia  F.,  Genazzani  A.  R.,  Monti  D.,  Capri  M„  Bersani  F.,  Cadossi  R.  and 
Franceschi  C.  (1993)  Exposure  To  Low  Frequency  Pulsed  Electromagnetic  Fields  Increases  Interleukin- 1  And 
Interleukin-6  Production  By  Human  Peripheral  Blood  Mononuclear  Cells.  Exp  Cell  Res  204(2):385-387  1993 
Cuppen  J.J.M.  and  Vink  A.  (2004):  Effects  of  ELF  exposure  on  weight  and  immune  parameters  in  young  turkey 
broilers,  3rd  Inti  workshop  on  Biological  Effects  of  EMFs,  Kos,  2004,  p  1203. 

Cuppen  J.J.M,  Wiegertjes  G.F.,  Geervliet  J.,  Smink  W.,  Beynen  A.C.,  Elmusharaf  M.A.  and  Grooten  H.N.A. 
(2006b):  Immune  Stimulation  In  Fish  And  Farm  Animals  Through  Weak  Low  Frequency  Electromagnetic 
Fields,  B.  Experiments,  this  proceedings. 

Cuppen  J.J.M.,  Wiegertjes  G.F.,  Molenaar  M.,  Geervliet  J.,  Smink  W.  (2006c):  Immune  Stimulation  In  Fish 
And  Fish  Immune  Cells  Through  Weak  Low  Frequency  Electromagnetic  Fields  With  Variable  Field  Strength, 
this  proceedings 


73 


J.J.M.  CUPPEN,  H.K.  PARMENTIER,  H.F.J.  SAVELKOUL 


Cuppen  J.J.M. ,  Beynen  A.C.,  Elmusharaf  M.A.,  Grooten  H.N.A.  and  Smink  W.  (2006d):  Immune  Stimulation  In 
Chicken  Broilers  Through  Weak  Low  Frequency  Electromagnetic  Fields  With  Coccidia  Infection,  this 
proceedings 

Engelsma  M.Y.,  Hougee  S.,  Nap  D.  et  al.  (2003)  Multiple  acute  temperature  stress  affects  leucocyte  populations 
and  antibody  responses  in  common  carp,  Cyprinus  carpio  L,  Fish  Shellfish  Immunol,  15  (5),  397-410 
Goodman  R.,  Blank  M.,  Lin  H.  et  al.  (1994)  Increased  levels  of  hsp70  transcripts  induced  when  cells  are 
exposed  to  low  frequency  electromagnetic  fields,  Bioelectrochemistry  and  Bioenergetics,  33  (2),  115. 

Huising  M.O.,  Guichelaar  T.,  Hoek  C.  et  al.  (2003)  Increased  efficacy  of  immersion  vaccination  in  fish  with 
hyperosmotic  pretreatment.  Vaccine,  21  (27-30),  4178-93. 

Jager  L.  de,  Bruyn  L.  de  (2004)  Long-term  Effects  of  Time  Varying  Extremely  Low  Frequency  Magnetic  Fields, 
3rd  Inti  workshop  on  Biological  Effects  of  EMFs,  Kos,  2004,  p  573. 

Kapsenberg  M.L.  (2003):  Dendritic-cell  control  of  pathogen-driven  T-cell  polarization.  Nature  Rev  Immunol 
2003;3:984-93. 

Markov  M.S.,  Nindl  G.,  Hazlewood  C.F.  and  Cuppen  J.J.M.  (2006)  Interactions  between  electromagnetic  fields 
and  immune  system:  possible  mechanism  for  pain  control.  In:  S.N.  Ayrapetryan  and  M.S.  Markov  (eds.), 
Bioelectromagnetics,  Springer  2006,  pp  213-225. 

Matzinger  P.  (2002):  The  danger  model:  a  renewed  sense  of  self.  Science  2002;296:301-5. 

Mevissen  M.,  Haussler  M.,  Szamel  M.,  Emmendorffer  A.,  Thun-Battersby  S.  and  Loscher  W.  (1998).  Complex 
Effects  of  Long  Term  50  Hz  Magnetic  Field  Exposure  In  Vivo  on  Immune  Functions  In  Female  Sprague  - 
Dawley  Rats  Depend  on  Duration  of  Exposure.  Bioelectromagnetics  19:259-270. 

Shi  Y.,  Evans  J.E.,  Rock  K.L.  (2003):  Molecular  identification  of  a  danger  signal  that  alerts  the  immune  system 
to  dying  cells.  Nature  2003 ;5 16-21. 

Simko,  M.  and  Mattsson  M.O.  (2004):  Extremely  low  frequency  electromagnetic  fields  as  effectors  of  cellular 
responses  in  vitro:  possible  immune  cell  activation.  J.  Cell.  Biochem.  93:83-92,  2004. 


74 


IMMUNE  STIMULATION  IN  FISH  AND  FARM  ANIMALS 
THROUGH  WEAK  LOW  FREQUENCY 
ELECTROMAGNETIC  FIELDS: 

B.  EXPERIMENTS 

J.J.M.  Cuppen1,  G.F.  Wiegertjes2,  J.  Geervliet3,  W.  Smink3, 

M.A.  Elmusharaf4,  A.C.  Beynen4,  H.N.A.  Grooten3 

1:  hum  line  nt  B  V,  2:  Wageningen  University,  3:  FIS  BV,  4:  Utrecht  University, 

The  Netherlands 


Abstract 

Most  of  the  publications  in  the  bioelectromagnetics  are  related  to  animal/human  studies,  very  few  to  effects  of 
magnetic  fields  on  plants  and  practically  no  studies  were  performed  on  small  farm  animals  and  fish.  Our  goal  is 
to  examine  how  properly  selected  magnetic  fields  can  decrease  the  potential  of  development  of  infectious 
diseases  in  farm  animals. 

Experimental  results  presented  and  discussed  here  are  set  up  to  (indirectly)  test  the  hypothesis  that  low  frequency 
electromagnetic  field  (LF  EMF)  treatment  can  stimulate  an  immune  response  through  the  creation  of  danger 
signals  which  are  necessary  to  trigger  an  immune  reaction  in  the  presence  of  pathogens. 

The  reported  cell  experiments  show  that  the  treatment  stimulates  oxygen  burst  in  phagocytes  which  supports  the 
notion  that  danger  signals  are  indeed  formed.  Experiments  with  goldfish  demonstrate  a  large  decrease  of 
mortality  caused  by  infectious  disease  (gill  parasites  and  accompanying  microbial  infections).  This  result  is 
consistent  with  the  idea  that  the  exposure  to  EMF  increases  the  strength  of  the  immune  reaction,  so  that  a  larger 
percentage  of  animals  sufficiently  combats  the  disease  early  enough  to  prevent  disease  to  develop  and  that  these 
animals  are  therefore  able  to  return  to  health.  Finally  experiments  with  chicken  broilers  with  coccidia  infection, 
induced  after  starting  the  EMF  treatment,  show  both  less  intestine  damage  due  to  the  disease  and  a  better  growth 
to  feed  ratio.  This  demonstrates  the  effectiveness  of  the  treatment  in  prevention  of  disease:  the  results  indicate 
that,  in  the  presence  of  pathogens,  a  self  stimulating  immune  response  originates  sooner  and  more  strongly  than 
without  the  EMF  treatment.  An  infection  is  then  counteracted  earlier,  with  less  opportunity  for  pathogens  to 
multiply  and  to  cause  damage. 

All  results  combined  support  our  hypothesis  that  the  Immunent  LF  EMF  treatment  induces  the  formation  of 
cytokines  (danger  signals)  that  put  the  immune  system  in  a  state  of  higher  alertness  and  activity. 

Introduction 

In  aquaculture  and  farming,  infectious  disease  is  one  of  the  biggest,  if  not  the  biggest  problem  and  challenge, 
economically  as  well  as  in  terms  of  animal  welfare  and  environmental  pressure.  "Disease  is  the  biggest  single 
impediment  to  aquaculture  development,"  said  Rohana  Subasinghe,  Senior  Fisheries  Research  Officer  at  the 
United  Nations'  Food  and  Agriculture  Organization  (FAO).  Total  damage  in  aquaculture  of  infectious  disease  is 
estimated  at  $9  billion  yearly.  In  Ecuador  in  1999  70%  of  the  crop  of  farmed  shrimp  was  lost  due  to  a  single 
virus  infection  that  led  to  a  national  crisis  and  a  loss  of  150.000  jobs. 

For  chicken  farmers  infectious  diseases  form  the  biggest  problem  they  face.  Economically,  for  animal  welfare, 
environmentally  and  for  acceptance  in  the  market  and  in  society.  Preventive  antibiotics  have  been  used  not  only 
to  prevent  infectious  disease,  but  also  as  a  growth  promoter.  The  antibiotic  use  could  prevent  or  eliminate 
infectious  disease  at  an  early  stage,  before  the  pathogens  strongly  multiply  in  the  animals  and  the  animals  have  to 
spend  substantial  energy  to  combat  the  disease.  In  general  5  to  10%  decrease  of  feed  necessary  to  support  equal 
growth  could  be  achieved  with  preventive  antibiotics.  However,  preventive  antibiotics  have  been  banned  in 
Europe  from  animal  feed  since  2006,  with  similar  developments  in  other  countries,  because  of  development  of 
microbial  resistance  related  to  humans.  Therefore  the  agriculture  and  aquaculture  sectors  are  urgently  searching 
for  other  disease  inhibitors  to  substitute  antibiotics. 

Environmentally,  infectious  disease  causes  a  lot  of  pressure:  by  the  chemicals  and  pharmaceuticals  used,  by  the 
pathogens  that  multiply  in  farms  and  increase  disease  pressure  on  the  surrounding  wildlife,  and  by  the  pressure 
on  aqua  farmers  to  abandon  farms  with  disease  and  start  new  farms  in  nature  areas. 

It  has  been  shown  that  various  EMF  signals  are  capable  of  influencing  the  immune  system  (Markov,  Nindl, 
Hazlewood,  Cuppen,  2006). 
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Immunent  has  developed  an  EMF  signal  for  advancing  and  elevating  the  immune  response  to  pathogens 
(multiple  LF  components,  0.1-50  pT,  30  minutes  per  day)  which  have  been  tested  at  various  experimental 
conditions.  Pilot  findings  with  this  signal  (proprietary,  but  available  for  research  purposes)  were  presented  at  the 
2004  Kos  meeting  (Cuppen  and  Vink  2004). 

In  immunology  during  the  last  decade  the  view  has  been  developed  that  an  immune  reaction  to  pathogens  needs 
promoters  to  be  present  in  addition  to  the  presence  of  pathogens  (or  other  non-self  cells)  (Matzinger  2004). 

In  a  companion  paper  at  this  conference  (Cuppen  et  al.  2006a)  the  hypothesis  was  proposed  that  the  enhanced 
immune  reaction  observed  after  LF  EMF  treatment  is  due  to  the  fact  that  LF  EMF  induces  the  formation  of  such 
(a  level  of)  danger  signals,  cytokines  such  as  heat  shock  proteins  (HSP’s),  Interferon,  Interleukins,  that  an 
immune  response  can  occur  earlier  and/or  stronger  than  without  the  treatment.  The  treatment  triggers  the  self- 
sustaining  feedback  mechanism  in  the  immune  reaction  which  otherwise  would  occur  much  later,  when 
pathogens  significantly  multiplied  and  caused  more  damage. 


Materials  and  results 

This  paper  describes  three  different  types  of  experiments  conducted  with  the  Immunent  signal  applied  with 
different  configurations  on  the  subjects  of  research.  For  that  reason  the  paper  is  written  in  three  section 
describing  the  methods  and  results,  followed  by  a  discussion  section. 

In  vitro  cell  experiments 

Phagocytes  (Macrophages  and  dendrites)  from  Carp  were  isolated  as  described  in  (Cuppen  et  al.  2006c,  which 
also  contains  detailed  descriptions  of  the  other  materials  and  methods)  and  stimulated  in  the  different  ways  as 
described  below.  Oxygen  burst  was  measured  with  a  NBT  assay  as  a  measure  of  immune  activity,  and  in  vitro 
subjected  to  the  treatment. 

In  20  runs  48  samples  each  were  divided  over  six  test  groups.  Three  groups  had  no  chemical  pre-stimulation 
(called  negative),  three  (called  positive)  received  chemical  pre-stimulation  with  10  pi  0.01  pg/pl  PMA  (Phorbol 
12-myristate  13-acetate).  Pairs  of  groups  were  formed  (a  positive  and  a  negative).  One  pair  was  exposed  for  30 
minutes  to  sham:  called  control,  one  to  a  signal  with  5  pT  field  strength:  called  low,  and  one  to  a  signal  with  1.5 
mT  field  strength:  called  medium  as  indicated  in  Table  1. 


Table  1.  Summary  of  the  in  vitro  experiment  setup 


No  EMF  treatment 

EMF  treatment  with  field  strength 

Control 

5  p  Tesla 

1.5  m  Tesla 

No  chemical  pre¬ 
stimulation 

negative  control 

negative  low 

negative  medium 

Pre- stimulation  with 
PMA 

positive  contr 

positive  low 

positive  medium 
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In  each  run  the  48  samples  are  taken  from  a  single  fish  and  therefore  the  oxygen  burst  activity  numbers  in 
different  test  groups  of  that  same  run  can  be  compared  to  each  other.  However  for  different  runs  different  fish 
are  used  and  the  cells  of  one  fish  may  show  large  differences  in  their  baseline  reactivity  and  activation  capacity 
to  the  cells  of  another  fish.  Therefore  the  absolute  numbers  between  different  runs  are  not  comparable.  This 
complication  can  be  overcome  by  normalizing  all  data  to  the  average  negative  control  value  in  each  run,  and 
positive  EMF  data  to  the  positive  control. 

Six  out  of  20  runs  were  discarded  on  the  (sole)  basis  that  positive  control  average  did  not  exceed  negative 
control  average  by  more  than  50%.  This  means  that  cell  preparation  must  be  considered  to  have  failed. 

The  Oxygen  burst  was  increased  in  12  out  of  14  cases  after  5  pT  treatment  (see  Figure  2),  and  in  1 1  out  of  14 
cases  after  1.5  mT  treatment.  With  pre  stimulation  with  PMA,  oxygen  burst  was  further  increased  in  9  out  of  14 
cases  at  5  pT,  and  in  12  out  of  14  cases  at  1.5  mT. 


Figure  2. 
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All  results  together  are  summarized  in  Table  2. 


Table  2.  Summary  in  vitro  results,  averaged  over  all  runs  (Average  %  increase  in  oxygen  burst.) 


No  EMF  treatment 

EMF  treatment  with  field  strength 

control 

5  p  Tesla 

1.5  m  Tesla 

no  chemical  pre-stimulation  negative  control  =  100% 

142  % 

133  % 

pre-stimulation  with  PMA  positive  control  =  276% 

118% 

122% 

of  negative  control 

of  positive  control 

of  positive  control 

Statistical  analysis  (ANOVA)  was  carried  out  with  SAS  via  a  meta-analysis  of  the  14  datasets. 
A  significant  (p<0.0001)  increase  by  EMF  on  the  response  of  the  exposed  cells  was  found.  As  can  be  seen  in 
Figure  2,  the  numbers  given  in  Table  2  are  averages  of  strongly  varying  results.  It  cannot  therefore  be  concluded 
that  the  effect  is  stronger  at  5  pT  than  at  1.5  mT  or  vice  versa,  but  rather  that  the  effects  may  be  of  the  same 
order  of  magnitude  at  these  two  field  strengths. 

A  second  point  we  wish  to  make  is  that  a  treatment  at  or  below  5  pT  is  in  the  practice  of  farm  applications  (large 
areas  and  volumes  to  be  treated)  much  easier  and  less  costly  to  achieve  than  at  1.5  mT. 

The  data  achieved  at  1.5  mT  are  in  line  with  those  reported  for  50  Hz,  sinusoidal,  1  mT  fields  in  murine  and 
human  macrophages  by  Simko,  Droste,  Kriehuber  and  Weiss  2001  and  Lupke,  Rollwitz  and  Simko  2004. 


In  vivo  experiments  with  diseased  goldfish 

To  evaluate  the  potential  of  LF  EMF  to  prevent  or  decrease  the  infections  caused  by  ecto  parasites  (gill 
parasites)  such  as  dactylogyrus/  gyrodactylus,  trichodina,  chilodinella  and  costia  a  series  of  4  experiments  was 
executed  using  fantail  goldfish  ( Carrassius  auratus  spp.).  Infection  with  those  parasites  occurs  consistently  at 
the  grower  and  increases  during  storage,  packing  and  international  transport  due  to  crowding.  This  and 
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subsequent  secondary  bacterial  infections  cause  high  mortality  if  not  treated.  The  progress  of  the  diseases  can  be 
measured  by  daily  counting  and  removing  from  the  tank  any  dead  fish  over  a  period  of  a  few  weeks.  In  the 
reported  experiments,  running  3  or  4  weeks,  fish  are  divided  over  12  to  20  tanks  per  experiment.  Each  tank  is  an 
experimental  unit,  and  these  are  divided  over  a  control  group  (usually  4  tanks)  and  test  groups  (usually  4, 
sometimes  2  tanks  each)  that  are  exposed  to  different  EMF  treatments,  always  for  30  minutes  per  day.  In  the 
early  experiments  we  used  12  fish  per  tank,  which  was  increased  first  to  21  and  then  to  30  fish  per  tank  in  order 
to  increase  the  statistical  power  of  the  experiments  once  it  became  clear  that  this  is  feasible. 

Tanks  are  exposed  to  uniform,  vertical  AC  electromagnetic  fields,  with  a  (proprietary)  Immunent  signal 
consisting  of  several  components  with  base  frequencies  between  100  and  10.000  Hz.  The  treatment  is  given 
daily  for  30  minutes  in  each  tank,  by  an  automated  Immunent  signal  generator  that  continuously  monitors 
current  output  that  was  calibrated  to  magnetic  field  strength.  For  a  detailed  discussion  of  materials  and  methods, 
and  more  data,  see  (Cuppen  et  al.  2006c)  in  these  proceedings. 

The  treatment  is  aimed  at  boosting  the  fish  immune  defense  and,  thereby,  decreasing  the  mortality.  The 
experiment  is  powerful  because  large  numbers  of  animals  can  be  used  and  the  measurement  is  easy  and 
accurate.  For  example,  results  in  Figure  3  account  for  a  total  of  336  fish  in  the  experiment,  84  in  control  and  252 
in  the  six  experimental  series. 

In  experiments  1  and  2  (see  Cuppen  2006c)  mortality  after  17  days  was  decreased  by  LF  EMF  from  52%  ±  14% 
untreated  to  19%  ±  10%,  and  from  52%  ±  8%  untreated  to  26%  ±  19%.  Moreover  the  intermediate  day  values 
had  a  comparable  ratio  to  the  end  values  so  that  the  quoted  standard  deviations  probably  strongly  underestimate 
statistical  significance.  In  these  experiments  there  were  8  control  tanks  and  15  experimental  tanks  at  5  pT  with 
12  fish  initially  each. 

Next,  experiments  were  performed  at  different  field  strengths.  Figure  3  shows  the  typical  mortality  curves  in  an 
experiment  with  4  control  tanks  and  2  experimental  tanks  per  field  strength  with  2 1  fish  initially  per  tank. 


Figure  3  Mortality  with  treatment  on  different  field  strength  levels 

Experiment  3:  mortality  336  goldfish  with 

infections 
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At  only  two  replicates  per  field  strength  these  results  indicate  that  the  treatment  is  effective  in  the  whole  window 
of  field  strength  between  0.15  and  50  pT  (and  probably  beyond).  The  average  line  of  all  treated  tanks  (solid, 
thick)  corresponds  very  well,  or  is  even  better  than  the  results  of  experiments  1  and  2.  Together  they  show  that  a 
surprisingly  strong  improvement  of  the  survival  of  these  fish  with  this  disease  can  be  achieved  with  this  form  of 
EMF. 

Because  of  its  interest  for  practical  application  in  farming  and  aquaculture,  we  investigated  further  at  the  lower 
field  strength  level.  Since  these  field  strengths  cannot  be  reliably  produced  directly  in  our  setup  (too  low 
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voltages,  too  low  currents,  and  therefore  too  high  electronic  noise  levels)  this  was  done  using  the  stray  fields  of 
our  coils  around  tubs  at  5  |iT.  These  are  solenoid  coils  which  produce  the  desired  field,  sufficiently  uniform,  at 
50  cm,  100  cm  and  120  cm  distance  from  the  (outside)  of  the  coil.  Figure  4  gives  the  results. 

Figure  4.  Treatment  results  at  extremely  low  field  strengths. 

Experiment  4:  mortality  300  goldfish  with 

infections 
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day 


A  dose  response  pattern  is  visible  between  0.003  and  0.06  pT  with  the  latter  value  delivering  a  result  not  far 
from  our  reference  value  of  5  pT. 

The  results  obtained  demonstrate  that  the  treatment  with  EMF  drastically  reduced  the  mortality  in  fish  that  is 
due  to  above-mentioned  parasites  and  secondary  microbial  infections.  These  results  indicate  that  even  in 
strongly  diseased  fish  the  stimulation  with  LF  EMF  mobilizes  the  immune  system  for  fighting  the  invaders 
possibly  because  it  puts  the  immune  system  in  a  higher  state  of  activity,  thus  giving  it  a  better  chance  of  fighting 
the  disease. 

The  dose  response  values  given  in  Figure  4  indicate  that  some  effect  of  the  treatment  remains  even  at  field 
strengths  as  low  as  3  nT.  Therefore  in  experiments  large  distances  must  be  maintained  between  control  tanks 
and  experimental  tanks,  so  that  the  stray  fields  are  below  1  nT  or  less. 

This  observation  raises  questions  for  the  experimental  setups  with  sham  controls.  The  field  cancellation  between 
the  opposing  currents  in  the  sham  coils  must  be  extremely  good.  It  can  be  doubted  if  the  required  cancellation  is 
ever  reached  in  practice. 

Using  Helmholtz  pairs  of  coils  should  also  be  surrounded  with  careful  measurements  of  the  stray  fields,  which 
can  be  substantial. 


In  vivo  experiments  with  chicken  broilers,  exposed  to  infection  pressure  from  coccidia  parasites 

A  universal  infection  in  fattening  chicken  is  coccidiosis,  with  Eimeria  parasites  that  live  and  explosively 
multiply  in  a  particular  part  of  the  intestines  of  a  particular  host  for  each  Eimeria  specie.  Number  of  studies  has 
suggested  that  the  immune  response  to  Eimeria  infection  among  other  is  mediated  through  the  release  of 
cytokines.  Breed  et  al.  (1997)  reported  that  chicken  peripheral  blood  leucocytes  of  E.  tenella  infected  chickens 
produce  interferon-y  after  in  vitro  re-stimulation.  Moreover,  it  has  been  shown  that  treatment  chickens  with 
interferon-y  preceding  infection  with  E.  acervulina  decrease  the  negative  effect  of  infection  on  weight  gain 
(Lowenthal  etal.,  1997). 

For  the  three  subsequent  experiments  192,  288  and  272  one -day  old  female  broilers  (Ross  308)  were  purchased 
from  the  hatchery.  On  day  of  arrival,  they  are  wing-banded,  weighed  and  randomly  housed  in  wire-floor, 
suspended  cages.  Each  cage  is  provided  with  thick  foil  and  litter.  Under  the  floor  of  each  cage  a  16-loop  coil  was 
located  to  deliver  LF  EMF  for  30  minutes  per  day  to  chicken  within  the  cage.  No  attempt  was  made  to  create  a 
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uniform  field  since  in  a  preliminary  experiment  it  was  determined  that  effective  field  strengths  lie  between  0.1  pT 
and  50  pT.  Moreover  the  practical  application  that  is  our  goal  will  also  not  allow  complete  uniformity  of  the 
field  strengths.  The  field  strength  (rms)  in  the  middle  of  the  cage  was  set  at  6,5  micro  Tesla,  measured  with  an 
F.W.Bell  5180  Tesla  meter.  Dosimetry  control  during  the  experiment  was  ensured  by  constantly  monitoring  the 
(rms)  current  through  the  coil.  The  applied  signal  was  designed  by  Immunent,  which  contains  several  LF 
components  with  frequencies  between  100  and  10.000  Hz. 

In  the  experiment  1,  infection  pressure  was  provided  with  Campylobacter  jejuni  on  day  6,  in  the  experiment  2 
high  level  infection  pressure  was  given  on  day  15  with  Coccidia,  containing  a  controlled  mixture  of  different 
Eimeria  species,  and  in  experiment  3,  a  low  level  of  the  same  infection  pressure  was  given  at  day  15.  Detailed 
information  about  materials  and  methods,  as  well  as  more  data,  are  provided  in  (Cuppen  et  al.  2006d  this 
proceedings). 

It  has  been  common  practice  (now  illegal)  to  include  preventive  antibiotics  in  chicken  feed  in  order  to  fight 
potential  infection.  This  caused  infections  to  be  suppressed  from  the  start,  so  keeping  the  chicken  healthy  they 
will  properly  develop  and  gain  weight.  This  is  usually  estimate  in  what  is  called  “feed  conversion”,  the  number 
of  kilograms  of  feed  required  for  1  kilogram  of  growth  of  the  animal.  To  determine  whether  EMF  could  replace 
preventive  antibiotics  by  providing  enhanced  immune  response  as  a  preventive  measure,  the  feed  uptake  and 
growth  were  carefully  measured  per  cage  during  the  experiment,  and  corrected  for  the  number  of  chickens 
actually  present  every  day. 

At  the  end  of  the  growing  cycle  chickens  were  normally  slaughtered  and  intestines  evaluated  for  lesions  as 
caused  by  the  infection  in  a  blind  setup. 

The  results  obtained  are  given  in  Tables  3  and  4. 


Table  3:  Feed  conversion  of  broilers  (kg  feed  consumed  /  kg  weight  increase). 


Negative  control 

Positive  control 

EMF  no  infection 

EMF  w  infection 

Experiment  1 

1.78  ±0.02 

1.73  ±0.04 

not  in  experiment 

1 .6 1±  0.03* 

Experiment  2 

1.58  ±0.04 

1.63  ±0.04 

1.57  ±0.05 

1.52  ±0.06  * 

Experiment  3 

1.83  ±0.03 

1.84  ±0.05 

1.73  ±0.03* 

1.72  ±0.03* 

*  significant  (p<0.05)  vs.  the  relevant  control 


Feed  conversion  for  the  EMF  treated  groups  was  significantly  improved  in  4  out  of  5  cases  compared  with  non- 
treated  groups.  This  result  indicates  that  this  EMF  treatment  has  a  similar  effect  as  preventive  antibiotics  on  feed 
conversion  in  the  chickens.  Of  course  this  could  be  the  result  of  an  as  yet  unknown  effect  of  EMF,  but  we 
consider  it  likely  that  the  mechanism  is  through  an  enhanced  immune  competence  of  the  chicken,  and  that 
therefore  these  results  support  our  hypothesis. 

Economically,  these  results  are  important  as  well,  since  10  points  feed  conversion  translate  into  a  cost  reduction 
of  about  5  euro  cents  per  chicken. 

In  experiment  3,  we  could  also  measure  (blind)  the  damage  of  the  infection  in  terms  of  lesions  in  the  chicken 
intestines.  The  results  are  shown  in  Table  4. 
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Table  4:  Mean  lesion  scores  of  intestines  in  chicken  broilers  after  Coccidiosis  infection  at  day  16. 


Control 

EMF 

-  cocc 

±  cocc 

-  COCC 

±  cocc 

E.  acei-vulina 
day  21 

0.44  ±  0.22 

2.44  ±0.15 

0.44  ±0.18 

2.00  ±0.16* 

day  29 

1.06  ±0.27 

1.69  ±0.09 

0.31  ±0.13* 

1.50  ±0.15* 

day  36 

E.  maxima 

1.38  ±0.26 

1.75  ±0.19 

0.94  ±0.24* 

1.22  ±0.10* 

day  21 

0.13  ±0.08 

2.25  ±0.19 

0.06  ±0.06* 

1.67  ±  0.13* 

day  29 

0.56  ±0.20 

1.63  ±0.08 

0.00  ±0.00* 

1.33  ±0.21* 

day  36 

E.  tenella 

1.50  ±0.38 

2.10  ±  0.12 

0.50  ±0.25* 

1.22  ±0.21* 

day  21 

0.13  ±0.08 

1.50  ±0.09 

0.06  ±0.06 

1.42  ±  0.11 

day  29 

0.19  ±0.09 

1.31  ±0.13 

0.06  ±0.06* 

1.00  ±  0.1 1* 

day  36 

0.56  ±0.15 

1.42  ±0.15 

0.13  ±0.08* 

1.17  ±0.11* 

The  reductions  in  pathology  after  EMF  treatment  are  significant  in  all  measurements  more  than  5  days  after 
infection  showing  less  damage  due  to  the  disease  and  therefore  indicating  a  better  immune  response  with  EMF 
treatment. 


Discussion  and  conclusions 

The  in  vitro  and  in  vivo  results  clearly  indicate  that  LF  EMF  treatment  induces  an  enhanced  immune  response.  It 
is  not  clear  at  present  what  the  exact  mechanism  is  of  this  EMF  stimulation.  In  (Markov  et  al.  2006)  we 
discussed  that  one  of  the  key  players  of  the  immune  system  (T-lymphocytes)  has  a  very  specific  response  to 
EMF  stimulation:  react  only  when  lymphocytes  are  activated.  “Activation”  means  that  the  immune  system  gets 
the  signal  that  some  thing  wrong  is  coming  or  going  on.  Then  lymphocytes  would  be  in  high  state  of  alert,  ready 
to  react.  In  Fig.  1,  it  is  suggested  that  EMF  stimulation  and  pathogens  actually  in  combination  trigger  the 
immune  system,  giving  it  the  signal  that  something  “wrong”  is  indeed  coming.. 

Moving  from  biology  to  fish  and  chicken  farming,  the  results  reported  have  extraordinary  importance:  by 
helping  the  immune  system  to  handle  infections  in  fish  tanks,  ponds  or  chicken  barns,  the  LF  EMF  stimulation 
drastically  reduces  mortality  and  increases  the  efficiency  of  feed  conversion.  This  is  even  more  important  since 
the  preventive  antibiotics  are  being  banned  for  further  application  as  feed  supplement  in  the  EU  and  other 
countries. 

An  additional  advantage  of  the  LF  EMF  stimulation  reported  on  in  this  study  is  that  it  is  achieved  with  a  very 
low  magnetic  flux  density  which  is  a)  economically  and  technically  feasible  in  large  areas  and  b)  makes  it 
unlikely  that  adverse  effects  would  be  initiated  by  this  EMF  stimulation. 

All  results  above  were  obtained  at  levels  less  than  6.5  pT  field  strength  (except  one  in  vitro  series  at  1.5  mT)  and 
in  the  one  case  tested,  the  effects  were  maintained  even  to  a  level  of  0.006  pT.  At  these  levels  a  direct  effect  on 
the  pathogens  is  highly  unlikely  and  the  effect  can  only  take  place  though  resonance  and  the  triggering  of  a 
system  ready  to  react.  A  comparison  might  be  made  with  a  car  stopping  for  a  red  light.  No  sufficient  amount  of 
energy  was  transferred  to  make  any  meaningful  change  in  the  process  of  the  driving  car.  Nevertheless  the  signal 
was  detected  and  a  response  generated  that  causes  the  car  to  stop.  Likewise  the  minute  signal  required  to 
generate  the  effects  reported  indicates  that  a  physiological  process  was  triggered  that  was  waiting  to  go  off. 


In  summary,  our  in  vitro  results  indicate  that  the  Immunent  signal  indeed  increases  immune  activity  on  cell  level 
and  that  ROS  production  is  increased  causing  oxygen  stress  at  cell  level.  The  in  vivo  experiments  show  a) 
reduced  mortality  and  b)  increased  growth  and  reduced  pathology  after  LF  EMF  treatment.  The  effects  are 
strong,  up  to  being  actually  relevant  for  animal  management  in  farms.  The  effects  measured  support  the 
hypothesis  that  LF  EMF  creates  stress  at  cell  level  that  can  trigger  an  immune  response  that  sustains  itself  after 
the  immune  system  becomes  active  enough  to  attack  a  sufficient  number  of  pathogens. 
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Abstract 

The  effects  of  pulsed  electromagnetic  fields  (EMFs)  were  studied  on  processes  and  parameters  of  cell  membrane 
of  B16  metastatic  murine  melanoma  cells  and  DC-3F  transformed  Chinese  hamster  lung  fibroblasts.  The  fluid 
phase  endocytosis  were  quantified  on  attached  cultured  cell  under  EMFs  exposure. 

The  pulsed  EMFs  used  were  trains  of  low  amplitude  900  MFlz  EMFs  at  a  217FIz  envelope  frequency,  580ps 
pulse  duration,  for  times  up  to  30  minutes.  Cells  grown  on  Petri  dishes  were  exposed  at  subconfluence  using  a 
wire -patch  antenna  or  a  TEM  antenna.  Endocytosis  is  critical  for  cellular  functions  like  nutrition,  signaling, 
transmembrane  transport  or  surface  area  control.  Fluid  phase  endocytosis  is  one  main  type  of  endocytosis 
corresponding  to  the  liquid  media  engulfment  in  intracytoplasmic  vesicles  (endosomes)  formed  on  the  inner  cell 
surface.  Fluid  phase  endocytosis  can  be  monitored  by  the  Lucifer  Yellow  (LY,  a  fluorescent  non  diffusible  dye) 
uptake  and  we  previously  showed  that  exposure  of  the  cells  to  GSM  microwaves  significantly  increases  LY 
uptake  in  the  absence  of  a  temeperature  increase.  The  results  here  reported  confirm  and  extend  our  previous 
observations.  Indeed,  we  confirm  that  GSM  microwaves  increase  LY  uptake  using  another  exposure  system,  a 
TEM  irradiation  antenna.  Using  known  inhibitors  of  endocytotic  pathways,  we  have  identified,  among  the 
various  cellular  mechanisms  resulting  in  external  molecules  engulfment,  the  mechanism  that  is  actually  affected 
by  the  exposure  to  the  EMFs.  Indeed,  our  data  show  that  only  the  clathrin-dependent  pathway  is  perturbed  by  the 
EMFs  pulses  while  the  potocytosis  is  not  affected. 

Introduction 

Endocytosis  is  one  of  the  basic  cellular  mechanisms  participating  to  molecule  exchange  between  the  cell  and  its 
environment.  Various  ways  of  endocytosis  mediate  essential  cell  processes  among  which:  extracellular 
molecules  incorporation,  membrane  renewal  and  surface  area  control,  antigen  presentation,  membrane  receptor 
expression,  etc.  [1].  In  the  fluid  phase  endocytosis  and  the  receptor  mediated  endocytosis,  vesicles  are  constantly 
formed  on  the  inner  surface  of  the  membrane  and  correspond  to  the  absorption  of  extracellular  medium  into 
intracytoplasmic  vesicles  (endosomes).  They  detach  in  the  cytoplasm  and  fuse  with  other  internal  cellular 
vesicles.  The  cytoplasmic  surface  of  these  vesicles  is  covered  by  a  specialized  protein,  the  chlatrin.  Pinocytosis  is 
another  related  endocytosis  process  in  which  the  vesicles  also  detach  from  the  cell  membrane  even  though  they 
are  not  covered  by  the  chlatrin.  Membrane  area  is  restored  by  exocytosis,  which  corresponds  to  the  fusion  of 
internal  vesicles  to  the  plasma  membrane.  In  the  potocytosis,  the  vesicles  (termed  caveolae,  and  surrounded  by  a 
protein  known  as  caveolin)  formed  at  the  inner  cell  surface  do  not  detach  but  allow  for  active  transport  of 
molecules  towards  the  cell  inside.  Apart  from  these  general  endocytotic  pathways,  specialized  cells  possess 
specialized  endocytotic  functions  like  the  phagocytosis  of  the  macrophages. 

We  previously  showed  that  the  incorporation  of  the  Lucifer  Yellow,  a  non  permeant  molecule  that  enter  normal 
cells  only  by  endocytosis,  was  increased  under  pulsed  electromagnetic  fields  exposure  (EMFs)  using  a 
standardised  wire -patch  antenna  (Fig.  1).  Here  we  confirm  the  increase  in  endocytosis  using  another  exposure 
system,  a  TEM  irradiation  antenna.  Moreover  we  have  identified,  among  the  various  cellular  mechanisms 
resulting  in  external  molecules  engulfment,  the  mechanism  that  was  actually  affected  by  the  EMFs  exposure. 
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Fig.l.  Increase  of  LY  uptake  by  B16F1  cells  after  lOmin  of  incubation  at  30°C,  caused  by  GSM-EMFs  exposure 
to  various  SAR  into  the  wire -patch  antenna.  CW:  exposure  to  EMFs  without  217Flz  modulation.  Values  in 
brackets:  peak  electric  field  intensities  of  the  EMFs  electric  component.  100%  correspond  to  (9±2.2)x  1 0^  LY 
molecules  by  cell.  Unpaired  Student’s  t-test:  *  p<0.05,  **  p  <0.01,  ***  p  <0.001  (from  [2]). 

Materials  and  methods 

Wire -patch  antenna  experimental  set-up  The  experimental  exposure  system  is  described  in  figure  2. 


Fig. 2a  and  2b.  1  -  wire-patch  antenna,  2  -  bidirectional  coupler  for  forward  and  reflected  power  monitoring,  3  - 
impedance  matcher,  4  -  wattmeters; 

Fig. 2c.  Modelling  of  field  homogeneity  in  4  samples  exposed  to  GSM-EMFs:  5  -  35mm  Petri  dishes  with 
attached  cells  in  culture  in  50mm  Petri  dishes  with  water. 
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TEM  antenna  experimental  set-up  The  experimental  exposure  system  is  described  in  figure  3. 


Fig. 3a  and  3b.  1  -  TEM  antenna,  2  -  bidirectional  coupler  for  forward  and  reflected  power  monitoring,  3  -  500 
load,  4  -  wattmeter  5  -  temperature,  CCEand  humidity  control  systems; 

Fig.  3c.  900  MFlz  CW  /  GSM  generator  of  adjustable  powers; 

Fig. 3d.  Modelling  of  TEM  antenna  with  35mm  Petri  dish  with  attached  cells  in  culture  to  be  exposed  to  GSM- 
EMFs. 


Cells 

F 10  or  FI  metastatic  B16  murine  melanoma  cells  and  DC-3F  transformed  Chinese  hamster  lung  fibroblasts  were 
used.  They  were  cultured  at  37°C,  5%  C02,  in  Eagle  MEM  (Gibco)  supplemented  with  10%  foetal  calf  serum 
(Life  Technologies),  100  units/ml  of  penicillin  and  100  pg/ml  of  streptomycin  (Gibco). 

Exposure  to  EMFs 

Two  kinds  of  EMFs  waves  were  used:  (i)  pulsed  waves  (GSM-EMF  because  they  correspond  to  the  EMFs 
delivered  by  the  GSM  mobile  phones)  consisting  in  580ps-long  square  pulses  delivered  with  a  low  frequency 
envelope  at  217  Flz  and  with  a  high-frequency  carrier  sine  wave  at  900  MFlz  ;  (ii)  continuous  wave  (CW-EMF) 
consisting  in  a  high-frequency  sine  wave  at  900  MFlz. 

The  signal  generator  RF  S  900-60  (RFPA,  Bordeaux, France)  was  delivering  these  two  kinds  of  signals  at 
adjustable  powers  ranging  from  1  to  7  W  (mean  incident  powers)  for  GSM-EMF  and  from  1  to  56  W  for  CW 
(mean  or  peak  incident  powers  being  identical  for  the  CW-EMF). 

EMFs  in  vitro  exposure  devices  were  a  wire -patch  or  a  TEM  antennas. 

Into  the  TEM  antenna  a  single  35mmPetri  dish  with  cells  attached  to  was  placed  in  the  middle  of  the  antenna. 

Into  the  wire -patch  antenna  four  Petri  dishes  were  simultaneously  exposed.  Each  35mm  Petri  dish  with  the 
cultured  cells  was  placed  inside  a  50mm  Petri  dish,  used  as  a  sample  holder  and  both  dishes  were  placed  above 
another  50mm  Petri  dish.  Both  50mm  Petri  dishes  were  containing  water  in  order  to  preserve  the  same  depth  of 
the  medium  volume  and  the  dielectric  properties  continuity.  Therefore,  a  fair  homogeneity  of  the  EMF  was 
achieved  for  the  whole  of  the  cells  reducing  the  edge  effects  at  the  periphery  of  the  35mm  dish  [5]. 

For  all  experiments,  cells  were  subjected  to  either  EMFs  exposure  or  sham  exposure,  under  identical 
experimental  conditions,  in  particular  regarding  to  the  location  of  the  dishes  in  the  wire-patch  /  TEM  antennas 
and  the  location  of  the  antennas  in  the  incubator. 
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Media  temperature  was  measured  immediately  before  and  after  each  exposure,  using  a  digital  thermometer  and 
no  significant  rise  in  temperature  was  found  at  the  powers  used  in  the  experiments,  in  agreement  with  the 
theoretical  calculations. 

Exposures  were  characterized  by  the  SAR  (Specific  Absorption  Rate)  or  power  density  absorbed  by  cell  unit 
2 

mass:  SAR  =  oE  /p  ,  [  SAR  ]  =  W/Kg  with  E  =  local  electric  field  intensity,  a  =  electric  conductivity  and  p  = 
absorbing  material  density. 

Endocytosis  rate  determination 

The  endocytosis  rate  was  quantified  by  the  accumulation  of  Lucifer  Yellow  (LY,  Sigma),  a  non  diffusible 
fluorescent  dye.  24h  before  the  experiment,  the  cells  were  seeded  into  35mm  Petri  dishes  in  order  to  have  a  cell 
monolayer  in  exponential  growth  at  the  time  of  exposure.  Cells  were  incubated  for  various  time  durations 
(ranging  from  10  to  30  min)  with  2  ml  of  culture  medium  containing  2  mM  LY,  in  the  presence  or  the  absence  of 
the  applied  EMFs.  The  incubations  and  EMFs  exposures  were  done  at  30°C.  Immediately  after  the  incubation, 
the  cells  were  rapidly  washed  three  times  with  3  ml  of  NaCl  0.09%,  trypsinized  (Trypsin-EDTA  0.05%,  Gibco), 
centrifuged  (lOOOrpm,  lOmin,  room  temperature)  and  the  cellular  pellets  resuspended  in  1ml  H20.  Then,  the  cell 
suspension  was  sonicated  2x1 5s,  at  100  W,  on  ice  or  chemically  lysed.  (Promega  Lysis  Reagent  kit).  The  total 
fluorescence  was  measured  using  a  spectrofluorometer  (SFM  25,  Kontron  Instruments)  at  excitation  and, 
respectively,  emission  wavelengths  of  423  and  536  nm.  The  baseline  was  obtained  for  cells  not  exposed  to  the 
fluorescent  dye.  20pl  of  cellular  lysis  was  used  for  protein  dosage  (MicroBCA  Protein  Assay  kit.  Pierce). 

For  the  experiments  with  endocytosis  inhibitors,  before  the  EMF  exposure,  the  cells  were  incubated  for  30  min 
at  37°C  with  Chlorpromazine  Hydrochloride  (Sigma)  or  Filipin  III  from  Streptomyces  filipinensis  (Sigma).  The 
two  chemicals  were  also  present  into  the  media  during  the  EMF  exposure. 

Viability  of  the  cells  incubated  with  15pM  Chlorpromazine  or  lpg/ml  Filipine  III  was  90  to  95%. of  the  viability 
of  the  controls  (data  not  shown). 

Results 


The  cells  in  the  TEM  antenna  were  exposed  to  SARs  of  2.7  W/kg  and  5  W/kg  for  20  minutes.  Indeed  from 
previous  work  using  the  wire -patch  antenna  and  the  same  cells,  we  knew  that  the  exposed  B16-F1  melanoma 
cells  could  display  an  increased  dye  uptake  compared  to  the  control  cells  after  incubations  times  as  short  as 
lOmin  and  we  also  knew  that  exposure  to  SARs  between  0.6  and  1.3  W/kg  had  no  significant  effect  on  LY 
uptake  while  exposure  to  SARs  between  2.6  and  4.5  W/kg  significantly  increased  the  LY  uptake.  Above  an 
apparent  threshold  value  under  which  no  effect  was  detected,  the  increase  of  the  fluorescent  dye  uptake  was 
independent  of  the  delivered  GSM-EMF  power,  with  a  constant  increase  of  approximately  1.5-fold  with  respect 
to  control  cells  incubated  under  the  same  conditions  but  in  the  absence  of  the  EMF  exposure. 

Cell  viability  after  cells  exposure  to  EMFs  in  the  TEM  antenna  was  similar  to  the  viability  in  the  controls  (data 
not  shown). 

The  results  of  cells  exposure  to  GSM  microwaves  in  the  TEM  antenna  are  reported  in  figure  4.  Experiment  was 
repeated  8  times,  including  each  time  an  exposed  and  an  unexposed  Petri  dish.  As  for  the  exposure  in  the  wire- 
patch  antenna,  an  statistically  significant  increase  in  the  LY  uptake  was  detected  when  cells  were  exposed  at  5 
W/kg  (p<0.05,  paired  t-Studenf  s  test).  No  significant  increase  was  detected  at  2.7  W/kg,  a  SAR  value  close  to 
the  threshold  in  the  wire -patch  antenna  exposure  system.  These  results  confirm  thus  our  previous  observations. 
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Fig. 4.  Increase  of  LY  uptake  by  B16F10  cells  after  20min  of  incubation  at  30°C,  caused  by  GSM-EMFs 
exposure  to  various  SAR  (2.7  and  5  W/kg)  into  the  TEM  antenna.  100%  correspond  to  (19. 8±  3.04)x  1 0^  LY 
molecules  by  cell.  Each  value  is  the  average  of  8  samples  ±  SD. 
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To  determine  whether  the  increased  LY  uptake  is  due  to  a  increase  in  classical  endocytosis  (mediated  by  the 
chlatrin  coated  vesicles)  or  by  potocytosis  (mediated  by  the  caveolin  coated  vesicles),  the  cells  were 
preincubated  with  drugs  selectively  inhibiting  these  two  endocytotic  pathways:  We  used  chlorpromazine  that  is  a 
known  inhibitor  of  the  clathrin-dependent  pathway  [3],  and  Filipin  III  that  is  a  known  inhibitor  of  the 
potocytosis,  that  is  of  the  caveolae-dependent  pathway  [4].  Results  are  reported  in  figures  5  and  6.  Exposures 
were  performed  in  the  wire -patch  antenna  exposure  system  because  several  Petri  dishes  can  be  simultaneously 
exposed  and  because  our  previous  experience  using  this  exposure  system. 

Figure  5  shows  that  chlorpromazine  slightly  decreased  LY  uptake  in  the  control  unexposed  cells.  More 
interesting,  chlorpromazine  completely  blocked  the  increase  in  LY  uptake  provoked  by  the  exposure  of  the  cells 
to  the  GSM  microwaves.  This  results  that  the  LY  uptake  pathway  stimulated  by  the  GSM  microwaves  is  a 
chlatrin  dependent  pathway. 
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Fig. 5.  LY  uptake  by  B16F10  cells  after  20min  of  incubation  at  30°C,  in  the  presence  or  not  of  GSM-EMFs 
pulses  and/or  15|iM  chlorpromazine  (CPZ).  GSM-EMFs  exposure  of  3.2W/kg  SAR  into  the  wire-patch  antenna. 
Each  value  is  the  average  of  8  samples  ±  SD. 


Figure  6  shows  that  an  increased  endocytosis  rate  under  EMFs  exposure  was  still  detected  in  the  filipin  Ill- 
treated  cells.  Thus  the  inhibition  of  the  caveolin  dependent  pathway  does  not  prevent  the  stimulation  of  the  LY 
uptake  by  the  GSM  microwaves,  suggesting  that  only  the  clathrin-dependent  pathway  is  perturbed  by  the  EMFs 
pulses. 
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Fig. 6.  LY  uptake  by  B16F10  cells  after  20min  of  incubation  at  30°C,  in  the  presence  or  not  of  GSM-EMFs 
pulses  and/or  lpg/ml  filipin  III.  GSM-EMFs  exposure  of  3.2W/kg  SAR  into  the  wire -patch  antenna.  Each  value 
is  the  average  of  8  samples  ±  SD. 
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Summary 

The  results  here  reported  confirm  and  extend  our  previous  observations  [2],  Indeed,  we  confirm  that  GSM 
microwaves  increase  LY  uptake  using  another  exposure  system,  a  TEM  irradiation  antenna.  Results  are  similar 
to  those  obtained  using  the  wire -patch  antenna  even  though  significant  increase  at  a  SAR  of  2.6  W/kg  was 
detected  with  the  wire-patch  antenna  and  no  significant  increase  was  detected  at  a  SAR  of  2.7  W/kg  with  the 
TEM  antenna.  Indeed,  these  SAR  values  result  mainly  from  models  of  energy  deposition  in  the  two  exposure 
systems,  approximately  validated  by  measurements  of  temperature  increase.  Precision  of  both  the  models  and  of 
the  measurements  does  not  allow  precise  comparisons  between  the  two  exposure  systems.  At  a  SAR  of  5  W/kg 
with  the  TEM  antenna  there  is  a  statistically  significant  increase  in  the  LY  uptake.  In  the  experiments  here 
reported,  the  LY  uptake  increase  in  the  cells  exposed  to  the  GSM  microwaves  was  lower  than  1.5  times  the 
uptake  in  the  control  cells  but  this  increase  was  still  statistically  significant. 

The  effects  of  the  GSM  microwaves  on  the  endocytosis  (LY  uptake)  are  also  confirmed  by  the  effects  of  the  two 
inhibitors  used.  Indeed,  one  of  the  two  molecules  tested  actually  inhibited  the  increase  in  LY  uptake,  while  the 
other  not.  This  excludes  a  non-specific  effect  of  the  addition  of  a  chemical  in  the  incubation  medium. 
Simultaneously,  the  inhibition  provoked  by  a  known  inhibitor  of  one  of  the  endocytosis  pathways  confirms  our 
previous  observations  and  conclusions,  namely  that  the  exposure  of  the  cells  to  the  GSM  microwaves  affects  the 
endocytosis  pathways. 

Moreover  we  have  identified,  among  the  various  cellular  mechanisms  resulting  in  external  molecules 
engulfment,  the  mechanism  that  is  actually  affected  by  the  exposure  to  the  EMFs.  Indeed,  our  data  demonstrate 
that  only  the  clathrin-dependent  pathway  is  perturbed  by  the  EMFs  pulses.  Thus  the  potocytosis  is  not  affected, 
while  the  classical  endocytosis  is  actually  modified  by  the  cell  exposure  to  the  GSM  microwaves. 
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Abstract 

This  paper  deals  with  application  of  Transverse  ElectroMagnetic  (TEM)  cell  as  an  exposure  system  in 
technical  and  biomedical  studies.  In  many  publications  is  described  problem  of  influence  of  an  object  upon  the 
electromagnetic  field  (EMF)  distribution  inside  a  exposure  system  while  inverse  effect  -  influence  of  exposure 
system  on  tested  object  is  overlooked.  The  problem  plays  primary  role  if  a  correlation  between  investigations 
carried  out  in  an  enclosure  (eg  TEM  cell)  and  that  in  the  free  space  is  looked  for. 


Introduction 

TEM  cell  was  proposed  by  Myron  L.  Crawford  in  1970  [3]  as  a  new  way  of  establishing  standard,  uniform 
EMF  in  a  shielded  environment  and  until  now  it  is  one  of  the  most  frequently  applied  EMF  standard  and 
exposure  system.  TEM  cell  is  based  on  the  idea  that  a  TEM  wave  propagates  inside  a  transmission  line.  Inside 
can  be  immersed  an  object  that  susceptibility  to  the  EMF  is  tested.  It  is  used  for  probes’  calibration, 
electromagnetic  compatibility  and  biomedical  investigations  (Fig.  1).  The  reasons  of  such  popularity  of  TEM 
cell  are  its  advantages:  quite  homogeneous  EMF  distribution  inside  the  cell,  similar  to  plane  wave,  wide 
frequency  range,  field  intensity  independent  from  frequency,  simple  EMF  intensity  estimations,  etc. 

However,  "in  the  pot  of  honey  is  a  spoon  of  a  ter".  Even  not  to  mention  the  mutual  interactions  between  the 
cell  and  object  tested  in  it,  these  are:  nonideal  EMF  distribution,  moreover  disturbed  by  the  object,  limited 
volume  of  the  cell  and  the  volume  decrease  with  frequency  increase,  problems  with  larger  objects  testing  in  wide 
frequency  range,  etc.  The  former  are  discussed  then  while  the  latter  are  illustrated  bellow.  A  concept  of  the 
homogeneity  improvement  by  the  way  of  covering  the  cell  walls  with  a  dielectric  material  is  shown  in  Fig.  2.  An 
approach  to  the  frequency  range  widening  is  presented  in  Fig.  3.  The  slots  limit  tangential  currents  and,  as  a 
result,  higher  modes  in  the  cell. 


an  antenna  a  technical  device  “a  mouse" 
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Fig.  2.  Dielectric  sheets  in  a  cell. 


Fig.  3.  A  center  conductor  of  a  TEM  cell. 
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What  are  the  feelings  of  an  antenna  inside  a  cell? 

Before  we  start  our  considerations  related  to  biomedical  experiments  we  would  like  to  remind  a  problem  of 
antenna’s  calibration  in  the  cell,  it  would  illustrate  the  role  of  mirror  reflections  phenomenon  and  then  our  way 
to  farther  considerations. 

The  answer  to  the  question  in  the  title  is:  due  to  infinite  large  number  of  mirror  reflections  (Fig.  5)  the 
single  antenna  feels  as  an  element  of  antenna  system.  If  consider  a  cell  without  side  walls,  as  in  Fig.  1,  and  take 
into  account  only  two  plates,  as  shown  in  Fig.  4,  the  input  reactance  of  a  short  dipole  antenna  X;  is  expressed  by: 

00 

Xl=Xu-AX  =  Xn~-2^(-l  T'XU  (1) 

1=2 

where:  Xu  -  input  reactance  of  the  antenna  in  free  space,  AX  -  input  reactance  change  due  to  a  mutual 
couplings,  Xu  -  mutual  reactance  of  the  antenna  and  its  i-th  mirror  reflection. 


Presence  of  the  mirror  reflections,  and  their  result  AX,  leads  to  a  calibration  error  8  in  relation  to  the  free 
space  conditions,  the  error  we'll  formulate  in  the  form: 

„  AX 

8  = - .  (2) 
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Fig.  4.  Geometry  of  calibration.  Fig.  5.  Mirror  reflections  caused  by  metal  sheets. 

The  input  reactance  of  the  antenna  as  well  as  the  mutual  reactances  of  the  antenna  and  its  mirror  reflections 
is  a  function  of  its  slenderness  ratio.  The  slenderness  ratio  is  a  function  of  the  relation  of  the  antenna's  length 
(2h)  to  diameter  of  it's  arm  (2a).  Calculated  runs  of  the  error  5  versus  b/2h  for  h/a  =  30,  300  and  1000  are 
shown  in  Fig.  6  [9].  In  the  estimations  the  plates  were  assumed  infinitely  large  and  perfectly  conducting.  The 
case  while  h/a=30  was  reestimated  on  analytical  and  numerical  way  [4].  Results  are  presented  in  Fig.  7. 
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Fig.  6.  Error  5  versus  y/h  as  a  function  of  slenderness 
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ratio. 

The  above  considerations  allow  several  conclusions: 

-  real  error  of  calibration  is  remarkably  limited  by  presence  at  the  input  of  a  probe  a  capacitive  divider, 

-  the  phenomenon  is  of  deterministic  character  and  appropriate  correction  factors  may  be  used  to  eliminate  the 
error  discussed, 

-  if  the  phenomenon  exists  in  the  presented  case  of  an  antenna  calibration,  a  similar  phenomenon  should  exist 
while  in  the  cell  any  other  material  medium  is  immersed, 

-  if  in  the  case  of  antennas  a  correction  factor  may  improve  accuracy  of  calibration  similar  approach  should  exist 
in  the  case  of  the  medium  investigations  in  order  to  find  a  way  to  refer  the  exposure  conditions  (and  results  of 
measurements)  in  the  cell  to  that  in  the  free  space. 

Numerical  methods  in  biomedical  dosimetry 

An  estimation  of  EMF  energy  absorption  in  any  case  may  be  done  on  the  ground  of  the  Maxwell  equations 
solution.  Unfortunately,  analytical  solutions  are  known  only  for  the  simplest  structures.  Even  above  presented 
estimations  of  input  impedance  of  a  dipole  antenna  required  an  assumption  of  it's  perfect  conductivity  and 
sinusoidal  current  distribution  along  the  antenna.  The  assumption  may  be  accepted  only  for  very  thin  structures. 
What  to  say  about  biological  media  where  not  only  shapes  may  be  arbitrary  ones  but  the  electrical  parameters  of 
the  media  are  different  for  different  tissues,  organs  and  even  parameters  of  the  same  tissues  may  be  different 
depending  upon  a  history  of  their  donator.  These  limitations  have  lead,  not  only  at  our  field,  to  necessity  to  use 
substitutional  methods,  i.e.:  numerical  ones.  Along  with  the  computer  technology  development  and  computers 
availability  more  and  more  sophisticated  numerical  methods  and  models  were  worked  out. 

The  above  is  well  illustrated  by  development  of  models  applied  in  numerical  dosimetry.  In  Fig.  7  are 
presented  different  models  of  a  mouse  (Fig.  7a).  The  oldest  ones  are  spheroidal  (Fig.  7b)  [11]  and  cube  (Fig.  7c) 
models.  Follows  them  (Fig.  7d)  a  block  model,  containing  of  several  cages,  that  allows  bit  better  representations 
of  the  mouse's  shapes  and  different  electrical  parameters.  Now  the  most  sophisticated  model  allows  almost  ideal 
reflection  of  investigated  animal. 

a)  b)  c) 


Fig.  7.  Models  of  a  mouse:  a)  real  object,  b)  spheroidal  model,  c)  cube  model,  d)  block  model,  e)  voxel  model, 
a)  b)  c)  d) 

X  A 


»  A 

Fig.  8.  Models  of  a  man:  a)  real  object,  b)  spheroidal  model,  c)  block  model,  d)  voxel  model. 
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Similar  development,  as  regards  as  a  model  of  the  man,  is  presented  in  Fig.  8  [6]  [7]  [8]  [10].  We  may  only 
remind  here  that  homogeneous  spheroidal  and  block  models  were  applied  in  analytical  studies,  block  model  of  a 
man  was  proposed  by  Guy  and  Johnson  [10]  and  the  most  sophisticated  "millimeter  resolution"  model  of  a  man 
was  developed  by  Gandhi  [7]. 

It  is  evident  that  more  sophisticated  models  require  more  sophisticated  hard-  and  software.  Both  of  them 
were  not  fully  available  to  the  authors.  Thus,  our  estimations  are  limited  to  the  use  of  rather  simple  codes 
(Maxwell  SV  [1],  Fidelity  [15])  and  a  possibility  to  use  them  in  quite  simple  computers,  as  well  as  simple 
homogeneous  or  block  models.  With  no  regard  to  it  our  aim  was  not  to  strictly  analyse  presented  phenomena, 
but  only  focus  an  attention  of  researchers  upon  the  scale  of  the  problem.  From  this  point  of  view  accepted  tools 
and  methods  are  fully  correct  and  make  it  possible  to  present  limitations  in  the  exposure  systems  use  and  what  is 
the  most  important,  precautions  in  biomedical  (and  not  only)  experiments  should  be  done. 

In  below  presented  estimations  electrical  parameters  of  animals  and  men  were  taken  from  [5]  [6]. 

Biological  object  in  a  TEM  cell 

Studies  of  the  effect  discussed  have  been  initiated  by  the  authors  [4].  The  way  of  thinking  was  as  follows: 
if  a  conducting  medium  close  to  an  antenna  is  able  to  affect  it's  input  impedance,  the  same  phenomenon  should 
exist  in  the  case  of  any  arbitrary  medium.  A  twofold  question  was  here  formulated:  what  does  it  mean  "an  input 
impedance  of  a  mouse"  and  "a  mutual  impedance  of  the  mouse  and  it's  mirror  reflection",  if  an  answer  to  the 
questions  exists  at  all! 

At  the  first  step  a  cube  model  of  a  mouse  immersed  inside  a  TEM  cell  was  studied.  We  assumed  that  the 
influence  of  the  cell  upon  the  object  should  be  reflected  by  the  power  absorbed  in  it.  The  power  is: 

Pabs=0.5a\\E\2dV,  (3) 

v 

where:  Pat,s  -  power  absorbed  by  the  object,  a  -  absorber  conductivity,  E  -  electric  field  intensity  within  the 
object,  V  -  volume  of  the  object. 

Analysed  homogeneous  lossy  model,  in  the  form  of  a  cube  of  side  h  =  1.5  cm,  conductivity  a  =  1  S/m  and 
£r  =  80,  was  immersed  between  two  parallel,  perfectly  conducting  plates  of  sizes  20x20  cm  and  E-field  was  kept 
constant:  E  =  1  V/m.  Results  of  estimations  are  shown  in  Fig.  9.  If  dimensions  of  tested  object  are  quite  small 
(d»h)  Pabs  approaches  the  value  in  the  free  space.  However,  while  the  object  is  large,  as  compare  to  d,  the 
power  may  be  remarkable  different.  The  latter  case  has  nothing  common  with  results  obtained  in  the  free  space. 
If  distance  between  plates  increases  (ratio  d/h  increases)  than  power  absorbed  decreases  and  that  means  the 
committed  error  decreases. 


x10'6 


Fig.  9.  Absorbed  power  by  examined  cube. 


xIO'6 


Fig.  10.  Comparison  of  results  obtained 
with  different  numerical  methods. 


Similar  results  are  obtained  for  more  complicated  model  (Fig.  7d)  of  a  mouse  -  block  model  (Fig.  11)  that 
was  made  of  76  cube  pieces  of  side  1  cm.  The  tissue  values  are  the  same  as  above. 
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Fig.  11.  Results  of  absorbed  power  by  block  model 
of  a  mouse. 
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Fig.  12.  Results  of  estimations  of  the  E-field 
distribution:  a)  f  =  100  MHz,  b)  f  =  1  GHz. 


In  traditional  approach,  in  biomedical  investigations  is  assumed  that  the  power  absorbed  within  tested 
object  is  distributed  homogeneously.  It  is  not  always  acceptable.  Lets  analyse  single  object  exposed  in  a  TEM 
cell,  in  conditions  while  the  proximity  effects  may  be  neglected.  Results  of  estimations  of  the  E-field  distribution 
within  the  homogeneous  cube,  as  described  above,  for  two  frequencies  are  shown  in  Fig.  12.  Of  course  similar 
situations  is  for  model  of  a  man  (Fig.  13).  It  is  necessary  to  remind  here  that  absorbed  power,  and  the  SAR,  are 
proportional  to  E2,  that  makes  that  their  distribution  inside  the  model  is  more  inhomogeneous  as  compare  to  E 
one,  shown  in  the  figures. 
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Fig.  13.  Electric  field  inside  model  of  a  man.  Fig.  14.  Location  a  mouse  in  relation  to  vectors  [12]. 

Even  in  the  free  space  conditions  electric  field  distribution  inside  a  model  is  non-homogeneous,  as  a  result 
can  be  observed  fact  that  each  of  the  organs  absorb  different  power.  Results  of  SAR,  for  voxel  model  of  a  rat 
that  orientation  is  defined  by  the  incident  field  vectors  (Fig.  14),  are  shown  in  Fig.  15.  The  model  was  processed 
in  the  far-field  conditions  at  frequency  450  MHz. 


Fig.  15.  SAR  calculated  for  different  organs  in  a  one-millimetre  rat  model. 
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Fig.  16.  TEM  cell  with  n  examined  objects. 


A  typical  condition,  in  biomedical  investigations,  is 
simultaneous  exposure  in  a  cell  more  than  one  object, 
sometimes  the  objects  occupy  whole  volume  of  the  cell.  Let’s 
consider  the  cell  while  exposed  several  objects  in  it,  as  shown 
in  Fig.  16.  In  standard  approach  the  power  absorbed  in  the  cell 
(Pabs)  is  calculated  as  difference  of  the  input  and  the  output 
power:  P;n  and  Pout  respectively: 


P  =  P  -  P 

abs  in  out ' 


(4) 


Then,  the  power  absorbed  by  i-th  animal  is  calculated  dividing 
the  above  by  number  of  objects  (n): 

Pt  =  Pahs  .  (5) 

n 


There  is  no  proof  that  powers  absorbed  by  animals  are  identical.  A  few  simulations  were  done  to  illustrate 
the  statement.  Firstly  we  considered  the  case  where  two  mice  were  placed  inside  a  TEM  cell  (Fig.  17a).  One  of 
them  is  placed  in  the  center  of  the  exposure  system  and  the  other  in  the  center  between  the  first  one  and  the  wall 
of  the  system.  Similarly  to  above  estimations  the  mice  are  represented  here  by  cubes  (5x5x5  cm)  that  parameters 
are:  c  =  0.84  and  sr  =  80.  E-field  intensity  is  constant  and  equals  1  V/m.  Results,  presented  in  Fig.  17b,  confirm 
our  doubts  and  show  a  magnitude  of  exposure  estimation  error  while  formula  (5)  is  in  use,  in  the  worst 
conditions  the  power  absorbed  by  mouse  2  is  twice  as  much  as  power  absorbed  by  mouse  1 . 


Fig.  17.  Powers  absorbed  by  two  mice  placed  in  TEM  cell:  a)  model,  b)  results  of  calculations. 


a) 


mouse  1 


mouse  2 


mouse  3 


b) 


Fig.  18.  Powers  absorbed  by  three  mice  placed  in  TEM  cell:  a)  model,  b)  results  of  calculations. 
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Similar  effect  exists  in  different  space  configuration  of  mice,  like  shown  in  Fig.  18.  In  this  case  the  power 
absorbed  by  mouse  1  and  3  may  be  two  times  bigger  than  power  absorbed  by  mouse  2.  Again  can  be  said  that  an 
assumption  of  identical  power  absorption  in  each  examined  object  in  discussed  exposure  system  is  not 
appropriate  and  it  may  lead  to  remarkable  errors  in  experiments  carried  out  in  the  conditions. 

Conclusion 

The  paper  discusses  role  of  an  affect,  caused  upon  a  tested  object,  by  an  exposure  system  due  to  existence 
of  mirror  reflections  of  the  object  in  the  walls  of  the  system.  The  problem  has  never  been  considered  before.  The 
authors  were  inspired  to  start  investigations  in  the  field  by  estimations  and  experiments  with  the  use  of  antennas 
in  EMF  measurements  in  close  proximity  of  conducting  objects  or  while  the  antennas  were  calibrated  within  a 
TEM  cell  or  waveguide. 

The  question:  what  does  it  mean  “input  impedance  of  a  mouse”  remains  unanswered,  however,  results  of 
estimations,  presented  in  the  paper,  show  essential  role  of  the  phenomenon,  especially  in  biomedical 
investigations  while  many  animals  are  simultaneously  exposed  in  an  exposure  system.  Apart  from  different 
power  absorbed  by  separate  objects  the  absorbed  power  distribution  within  them  is  not  homogeneous  - 
especially  at  higher  frequencies,  even  in  the  plane  wave  conditions. 

Although  the  estimations  were  done  for  a  TEM  cell,  their  results  are  valid  for  any  case  while  the  discussed 
effect  exists  (waveguide,  any  conductivity  media).  Presented  approach  may  allow  to  estimate  a  role  of  the 
phenomenon  in  any  case  and  a  possibility  to  refer  results  of  exposure  to  the  free  space  conditions. 

Presented  results  lead  to  question: 

-  what  is  accuracy  of  biomedical  investigations  if  do  not  take  into  account  different  exposure  levels  of  different 
animals  and  even  different  their  organs  and  tissues? 

-  what  a  way  may  be  summarized  very  precise  formulation  of  protection  standards  based  upon  such 
experiments? 
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Abstract 

During  the  last  decade  the  sources  of  radiofrequency  electromagnetic  (RF  EM)  radiation  increased 
enormously  both  in  residential  and  occupational  environment.  The  study  of  the  biological  effects  of  RF  EM 
radiation  could  contribute  to  better  understanding  of  the  possible  health  hazards.  This  study  was  designed  to 
investigate  the  changes  in  hemolysis  after  in  vitro  exposure  of  human  erythrocytes  to  GSM900  electromagnetic 
field  (EMF). 

Erythrocyte  suspensions  with  two  different  cell  concentrations  (hematocrit  20%  and  40  %)  were  exposed 
to  EM  radiation  from  GSM  mobile  phone  (carrier  frequency  902  MFlz,  2  W  output  power  in  pulse)  for  20  min. 
Alterations  in  haemolysis  were  registered  0,  10,  20,  30,  40,  50  and  60  min  after  the  treatment.  Flemolysis  was 
determined  by  measuring  the  absorbance  of  hemoglobin  at  413  nm  in  the  supernatant  obtained  by  centrifuging 
the  suspensions.  Flemolysis  was  expressed  as  a  hemoglobin  concentration. 

Our  data  indicated  statistically  significant  decrease  in  the  hemoglobin  level  in  irradiated  suspensions.  The 
GSM900  EMF  exposure  probably  stabilized  erythrocyte  membrane  and  caused  reduction  in  the  hemolysis 
depending  on  the  suspension  water  content  (hematocrit)  and  on  the  time  elapsed  after  irradiation. 

Introduction 

During  the  last  decade  the  sources  of  radiofrequency  electromagnetic  (RF  EM)  radiation  increased 
enormously  both  in  residential  and  occupational  environment.  More  and  more  people  are  exposed  to  EM 
radiation  not  only  at  work,  but  also  at  home.  Particularly  digital  GSM  (Global  System  Mobile)  phones  are 
biologically  active,  especially  those  with  short,  helical  antennae  [19].  To  explore  if  the  influence  of  mobile 
telephone  is  really  hazardous  for  the  human  health,  it  is  necessary  to  elucidate  interaction  mechanisms  of 
electromagnetic  field  (EMF)  with  biological  systems. 

The  study  of  the  biological  effects  of  RF  EM  radiation  could  contribute  to  better  understanding  of  the 
possible  health  hazards.  Research  on  the  potential  influence  of  EMF  on  living  organisms  and  humans  is 
performed  at  all  different  organization  levels  of  organisms:  from  population  studies  via  studies  of  individuals 
(humans  and  animals),  cells  and  tissues  (of  humans,  animals  and  plants;  of  unicellular  organisms  and  bacteria)  to 
the  lowest,  molecular  level.  Interaction  mechanisms  of  low  level  EMF  with  biological  systems  are  not  clearly 
identified.  Identifying  them  could  help  to  find  potential  field  targets  in  living  material. 

Reports  from  in  vitro  research  indicate  that  low  level  high  frequency  fields  may  alter  membrane  structural 
and  functional  properties  that  trigger  cellular  responses.  It  was  hypothesized  that  the  cell  membrane  may  be 
susceptible  to  low  level  high  frequency  fields,  especially  when  these  fields  are  amplitude  modulated  at  extremely 
low  frequencies  [20].  There  are  abundant  data  on  the  effects  of  weak  physical  signals  on  cell  functional  activity. 
However  cell  targets  for  these  signals  are  not  established  yet.  Since  water  is  the  main  component  of  biological 
systems  and  all  metabolic  processes  take  place  in  aqueous  medium  it  was  supposed  that  the  minor  changes  in  the 
physico-chemical  properties  of  water  could  significant  modify  cell  functional  activity.  The  data  about  the  effect 
of  EMF  on  water  specific  electrical  conductivity  and  wheat  sprouting  serve  as  an  additional  evidence  for  the 
hypothesis  according  to  which  the  EMF-induced  water  structure  changing  is  an  important  pathway  through 
which  the  biological  effect  of  EMF  is  realized  [6]. 

Evidences  for  directly  non-thermal  interaction  with  living  systems  are  obtained  after  investigation  of  the 
RF  EMF  effects  on  the  membrane  permeability  [2,  15].  These  effects  have  not  been  explained  by  integral  heating 
of  the  samples.  Some  other  mechanisms  such  as  formation  of  local  temperature  gradients  in  membrane -water 
interface  or  existence  of  hot  spots  in  the  system  should  be  considered  [11].  Changes  in  the  ion  transport  and  in 
the  osmotic  fragility  are  considered  as  an  indicator  for  alterations  in  the  erythrocyte  membrane  [1,  13].  Structural 
alterations  were  found  out  under  the  action  of  microwaves  in  membranes  of  granulocytes  [22],  erythrocytes  [8], 
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melanoma  cells  (B-16  melanoma)  [17].  Investigations  of  influence  of  EMF  on  the  cation  transport,  membrane 
structure  and  fluidity  show  direct  interactions  of  the  field  with  specific  membrane  macromolecules  or 
macromolecule  complexes,  which  very  often  lead  to  global  changes  in  the  membrane  properties.  Considering  the 
frequency  dependence  of  the  effects,  different  models  for  interaction  of  high  frequency  EMF  energy  and 
membrane  components  were  submitted.  The  model  about  absorption  of  EM  energy  from  water,  bounded  to 
biomolecules,  is  most  likely  [4,  14]. 

Microwaves  could  initiate  chemically  important  events,  i.e.  configurational  changes,  e.g.  multiple 
transitions  between  closely  spaced  vibratory  states  at  successively  higher  energy  levels.  In  the  108-  10n-FIz 
range,  mono-water  rotation  occurs.  Water-lattice  vibrations  (quasi-rotational  or  vibratory  motions)  may  be 
important  in  the  labialization  of  the  primary  and  secondary  structure  of  the  biopolymers  in  the  frequency  range 
of  1011  -  1014  Hz.  Other  researchers  believe  bound  water  has  a  principal  dispersion  region  in  the  range  of  3xl08 
-  2xl09  Hz  [16]. 

The  cell  membrane,  nervous  cells  and  DNA  molecules  are  considered  in  literature  as  most  probably 
acceptors  of  microwave  (MW)  radiation.  Cell  activity  and  viability  depend  on  the  state  of  the  cell  membrane. 
Because  of  its  unique  bioelectrochemical  properties  the  cell  membrane  is  considered  as  primary  acceptor  of 
microwave  radiation.  A  number  of  studies  of  EMF  bioeffects  have  been  performed  on  native  and  model 
membranes  and  substantial  changes  in  membrane  dielectric  properties  and  membrane  transport  were  reported. 

Erythrocyte  membrane  is  often  used  as  a  model  membrane  in  investigating  the  structure  and  the  functions 
of  the  biological  membranes  as  well  as  in  studying  the  influence  of  different  physical  and  chemical  factors  on  the 
membranes. 

This  study  was  designed  to  estimate  the  effects  of  GSM900  EMF  in  vitro  exposure  of  human  erythrocytes 
on  hemoglobin  release,  their  dependence  on  the  suspension  water  content  and  on  the  time  elapsed  after 
irradiation. 

Materials  and  methods 

Erythrocyte  concentrates  were  obtained  from  the  National  Center  of  Hematology  and  Transfusiology.  Red 
blood  cells  were  washed  three  times  in  0.155  M  NaCl  (2000xg  for  10  min).  After  the  last  centrifugation 
suspensions  were  diluted  to  final  cell  concentration  -  hematocrit  20%  or  40%. 

The  exposure  was  performed  by  GSM  mobile  phone  type  NSM-3,  which  was  connected  to  a  personal 
computer  through  an  interface  cable.  The  mobile  phone  was  programmed  via  special  software  to  emit  carrier 
frequency  902  MHz  (60th  uplink  channel  of  GSM900).  The  signal  included  standard  GSM  modulation.  GSM 
signal  was  pulsed.  The  duration  of  the  pulses  was  5 77 lis  that  corresponded  to  one  time  slot  of  TDMA  frame.  The 
TDMA  frame  in  GSM  systems  has  a  duration  4.615  milliseconds  (Fig.  1).  Discontinuous  transmission  mode 
(DTX)  was  off  during  all  exposures.  Mobile  phone  pulse  output  power  was  2  W. 
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Figure  1.  The  emitted  GSM  signal,  measured  into  mobile  phone  control  circuit  of  the  power  amplifier. 


Two  milliliters  of  erythrocyte  suspensions  with  different  water  content  (hematocrit  20%  or  40%)  were 
transferred  into  two  petri  dishes  (3  mm  depth).  One  of  them  were  control,  another  were  exposed  at  2  cm  distance 
from  the  side  of  the  mobile  phone  helical  antenna.  The  exposure  was  20  minutes.  For  eliminating  of  the 
influence  of  operator’s  hand  on  exposure  conditions  mobile  phone  was  raised  from  the  floor  of  1  meter  of  the  set 
up.  The  mobile  phone  and  exposed  erythrocyte  suspensions  were  placed  in  the  free  space. 

Alterations  in  hemolysis  were  registered  0,  10,  20,  30,  40,  50  and  60  min  after  the  treatment.  At  given  time 
intervals,  80  pi  of  the  suspensions  (control  and  irradiated)  were  transferred  to  1.3  ml  0.155  M  NaCl  in  Eppendorf 
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tubes  and  centrifuged  at  lOOOOrpm  for  10s  in  a  centrifuge  MLW  TH21.  Hemolysis  was  determined  by  measuring 
the  absorbance  of  hemoglobin  in  the  supernatant  at  413  nm.  Hemolysis  was  expressed  as  a  hemoglobin 
concentration  (|iM),  calculated  as  follows: 

C  =  EV2/elV, 

where:  C  -  hemoglobin  concentration;  E  -  absorbance  of  the  supernatant  at  413  nm;  e—  molar  extinction 
coefficient,  for  hemoglobin  at  X  =  413  nm  s  =  120000  M-1  cm4;  I  -  length  of  the  optical  way  (1  cm),  Vj  - 
volume  of  added  erythrocytes,  V2  -  final  volume. 

The  presented  data  are  average  and  standard  deviations  of  8  measurement  of  the  released  hemoglobin 
quantity  for  each  term.  The  Student  /-test  was  used  to  estimate  the  statistically  significant  differences  between 
the  experimental  samples. 

Results  and  discussion 

During  the  study  of  hemolysis  in  the  process  of  blood  aging  we  observed  an  increase  of  the  quantity  of  the 
released  hemoglobin  with  the  increase  of  the  time  of  blood  storage.  After  the  construction  of  the  graphics 
hemoglobin  /  days  after  blood  taken  for  control  samples  it  was  found  that  the  values  of  the  released  hemoglobin 
between  2nd  and  10th  days  were  close  (Fig.  2,  3).  In  the  latest  terms  the  quantity  of  the  released  hemoglobin  was 
about  5  times  more  than  at  early  terms.  Because  of  the  great  differences  in  the  quantity  of  the  released 
hemoglobin,  averaging  of  the  results  from  spontaneous  hemolysis  before  and  after  10th  day  of  blood  storage 
would  result  in  large  standard  deviations  and  would  mask  effects  of  the  investigated  factor.  Experiments  related 
to  influence  of  different  factors  on  the  hemolysis  should  be  made  in  the  first  10  days  of  in  vitro  storage  of  the 
blood. 


Figure  2.  Quantity  released  hemoglobin  from  human  erythrocytes  in  the  process  of  in  vitro  blood  aging  (control, 
hematocrit  20%). 
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Figure  3.  Quantity  released  hemoglobin  from  human  erythrocytes  in  the  process  of  in  vitro  blood  aging  (control, 
hematocrit  40%). 
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Represented  data  about  the  effects  of  GSM900  EMF  (Figs  4,  5)  are  the  averages  and  standard  deviations  of  the 
values  of  released  hemoglobin  obtained  in  the  first  10  days  after  the  blood  taken. 

During  the  study  of  the  hemolysis,  we  observed  that  the  amount  of  the  released  hemoglobin  increased  with  the 
time  elapsed  after  the  exposure  to  EMF  both  in  the  control  and  exposed  erythrocytes.  The  differences  between  control 
and  exposed  cells  are  bigger  at  the  beginning  of  the  term  of  the  blood  storage  at  two  studied  hematorcits. 

From  the  beginning  of  post  exposure  period  to  60th  min  after  irradiation  the  amount  of  released  hemoglobin 
increased  about  two  times  in  the  erythrocyte  suspensions  with  hematocrit  20%.  There  were  no  statistical  significant 
alterations  in  irradiated  erythrocytes  immediately  after  termination  of  the  exposure.  Effects  of  EMF  appeared  10  min 
after  exposure  and  differences  retains  30  min.  There  were  no  significant  differences  in  the  later  terms  (Fig.  4). 

The  in  vitro  exposure  of  erythrocyte  suspensions  with  hematocrit  40%  with  GSM900  EMF  for  20  min  caused 
statistically  significant  decrease  of  the  hemolysis  (about  10-15%)  compared  to  the  control  in  all  investigated  terms 
(Fig.  5).  Differences  between  control  and  exposed  erythrocyte  suspensions  were  more  strongly  expressed  in 
suspensions  with  hematocrit  40%,  which  is  close  to  physiological  one  (Table  1). 

The  obtained  results  showed  that  the  EMF  induces  more  significant  changes  in  the  suspensions  with  the  lower 
water  content  (hematocrit  40%).  These  results  contradict  our  previous  results  about  the  effects  of  24  GFlz  MW  in  vitro 
exposure  of  human  erythrocytes,  where  the  most  significant  changes  in  erythrocyte  electrophoretic  mobility  were 
observed  in  the  suspensions  with  higher  water  content  (hematocrit  20%)  [12].  It  is  probably  because  the  water  content 
is  of  no  importance  in  the  realization  of  the  effects  of  EMF  on  living  organisms  at  this  lower  frequency  (902  MFlz). 
The  decrease  of  the  hemolysis  is  probably  due  to  some  stabilization  of  erythrocyte  membrane  after  the  irradiation  with 
GSM900  EMF  as  a  result  of  the  field  influence. 
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Figure  4.  Quantity  released  hemoglobin  from  human  erythrocytes  after  20  min  in  vitro  exposure  to  GSM900 
EMF  of  the  suspensions  with  hematocrit  20%. 
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Figure  5.  Quantity  released  hemoglobin  from  human  erythrocytes  after  20  min  in  vitro  exposure  to  GSM900 
EMF  of  the  suspensions  with  hematocrit  40%. 
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Table  1.  Rated  decrease  of  the  spontaneous  hemolysis  (compared  to  the  control)  and  statistical  significance  of 
the  differences  between  control  and  exposed  to  GSM900  EMF  erythrocyte  suspensions  with  hematocrit 
20%  and  40%. 


Time  after  exposure, 
min 

Hemolysis  decrease 
compared  to  the  control,  % 

Statistical  significance  (p) 

Hematocrit  20% 

Hematocrit  40% 

Hematocrit  20% 

Hematocrit  40% 

0 

4 

15 

- 

0.99 

10 

10 

13 

0.98 

0.99 

20 

11 

14 

0.99 

0.99 

30 

8 

14 

0.95 

0.999 

40 

10 

11 

- 

0.99 

50 

3 

12 

- 

0.999 

60 

3 

11 

- 

0.999 

These  results  are  in  consent  with  some  authors.  Microwave  in  vitro  exposure  (2.45  GHz,  pulsed,  power 
flux  density:  5  mW/cm2,  exposure  duration:  20  min,  SAR:  400  uW/g)  significantly  decreased  spontaneous 
hemolysis  of  human  erythrocytes  at  42°C,  but  had  no  effect  at  37°C  or  48°C  [9].  Some  authors  find  no  effects  of 
high  frequency  EMF  on  hemolysis.  Heating  erythrocytes  to  43°C  for  10  min  with  microwaves  (2.45  GHz,  CW, 
exposure  duration:  15  min,  SAR:  91  mW/g)  or  hot  air  did  not  significantly  increase  hemolysis,  compared  with 
hemolysis  at  4°C.  Hemolysis  of  cells  coated  with  concanavalin  A-luminol-bovine  serum  albumin  and  heated  to 
43°C  for  10  min  by  use  of  microwaves  or  hot  air  was  significantly  greater  than  that  of  controls  at  4°C  [10]. 
Possible  nonthermal  effects  of  434  MHz  microwave  radiation  (CW,  exposure  duration:  6  h,  electric  field 
strength:  15  V/cm,  power  flux  density:  100  -  600  mW/cm2,  time  of  investigation:  after  exposure)  on  human 
blood  should  be  investigated  in  vitro  [5].  Plasma  levels  of  hemoglobin  and  sodium  and  potassium  ions  serve  as 
an  indicator  of  haemolysis,  caused  by  an  increased  membrane  fragility.  Indicated  by  the  measurements  no 
increased  membrane  fragility  was  observed,  which  could  be  clearly  assigned  to  nonthermal  effects. 

Our  results  contradict  the  results  of  another  authors,  who  state  that  exposure  to  high  frequency  EMF 
increases  hemolysis.  Cleary  et  al.  investigated  the  effects  of  RF  irradiation  (10,  50,  and  100  MHz,  CW,  exposure 
duration:  2  h,  electric  field  strength:  1;  4,5;  9  V/cm)  on  cation  permeability  and  hemolysis  of  rabbit  erythrocytes 
in  vitro.  Potassium  and  sodium  release  were  not  altered  by  exposure.  Hemoglobin  release  as  an  indicator  for 
hemolysis  was  statistically  significant  increased  at  50  and  100  MHz  at  field  strength  of  9  V/cm.  The  mechanism 
of  the  observed  hemolytic  effect  is  unknown  [3].  Low  intensity  radiation  from  mobile  phones  leads  to  release  of 
hemoglobin  from  red  blood  cells  and  accumulation  of  the  hemoglobin  in  the  body  could  result  in  heart  diseases 
or  kidney  stones  [7].  It  was  found  that  2.45  GHz  irradiation  induces  a  significant  hemoglobin  loss  due  to 
transient  permeabilisation  of  irradiated  erythrocytes  rather  than  to  their  lysis  [18].  The  microwave  induced 
hemoglobin  loss  by  irradiated  erythrocytes  is  up  to  80%  of  the  spontaneous  hemoglobin  loss  by  the  controls.  The 
rate  of  the  increase  of  hemoglobin  loss  with  increasing  power  density  was  found  to  be  highly  dependent  on  the 
initial  level  of  spontaneous  hemolysis.  It  seems  that  the  membrane  is  as  more  sensitive  to  the  radiation  power  as 
it  was  leaker  at  the  start.  Kinetics  of  hemolysis  degree  at  three  different  power  densities  was  studied.  At  low 
power  densities  (0.8  and  1.36  mW/cm2)  there  is  a  quasi-linear  increase  of  hemolysis  degree  with  time  of 
irradiation.  At  higher  density  (5  mW/cm2)  this  tendency  seems  to  reverse  after  first  10  hours  of  irradiation.  The 
only  reasonable  explanation  for  this  seems  to  be  that  the  spontaneous  hemoglobin  loss  of  controls  increases 
faster  than  that  of  the  exposed  samples.  It  appears  like  long-term  irradiation  would  exert  a  protective  action 
against  spontaneous  hemolysis  caused  by  cells  ageing.  This  observation  is  paralleled  by  the  results  of  kinetic 
measurements  of  the  osmotic  resistance  of  irradiated  erythrocytes,  which  show  a  progressive  increase  of  the 
osmotic  resistance  with  time  of  irradiation  at  exposures  to  5  mW/cm2.  Sajin  et  al.  studied  the  effects  of  long-term 
exposure  of  human  blood  to  2.45  GHz  irradiation  at  athermal  power  densities  (CW,  exposure  duration:  60  h  (84 
h  kinetic  measurements),  power  flux  density:  10  mW/cm2,  max  value  (50  W/m2,  25  W/m2,  10  W/m2,  5  W/m2,  2.5 
W/m2,  1  W/m2,  0.5  W/m2,  0.25  W/m2))  [21].  A  significant  increase  of  the  hemoglobin  loss  by  irradiated 
erythrocytes  as  well  as  a  strong  dependence  of  the  rate  of  the  increase  of  hemoglobin  loss  on  the  initial  level  of 
spontaneous  hemolysis  were  revealed.  It  was  found  that  at  low  power  densities,  the  hemolysis  degree  increases 
quasi- linearily  with  the  exposure  time,  while  at  higher  density  (5  mW/cm2),  this  tendency  is  reversed  after  first 
10  h  of  irradiation.  Long-term  irradiation  seems  to  exert  a  protective  effect  against  spontaneous  hemolysis 
caused  by  blood  ageing.  The  osmotic  fragility  test  performed  on  samples  exposed  to  5  mW/cm2  at  different 
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irradiation  times  showed  that  the  osmotic  resistance  increased  in  time,  reaching  a  maximum  at  the  end  of 
irradiation  (60  h),  while  the  osmotic  resistance  of  the  controls  was  constant. 

The  data  about  the  effects  of  EMF  on  hemolysis  in  available  literature  are  contradictory.  More  research 
and  additional  methods  are  necessary  to  decide  these  contradictions  and  to  explain  the  mechanisms  of  low  level 
RF  EMF  interaction  with  erythrocyte  membrane. 

Summary 

Our  data  indicate  statistically  significant  decrease  in  the  hemoglobin  level  in  irradiated  suspensions.  The 
900  MFlz  EMF  exposure  probably  stabilized  erythrocyte  membrane  and  caused  reduction  in  the  hemolysis  that 
depended  on  the  suspension  water  content  (hematocrit)  and  on  the  time  elapsed  after  irradiation. 
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Abstract 

Electromagnetic  dosimetry  and  exposimetry  quantify  electromagnetic  fields  inside  and  outside  of  the  biological 
material,  i.e.,  human  body,  respectively.  They  are  primarily  used  for  evaluation  of  human  exposures  due  to 
various  devices  generating  electromagnetic  fields.  The  both:  dosimetry  and  exposimetry  have  their  bases  in 
experimental  and/or  numerical  methods.  In  this  paper  a  proposed  new  formula  for  a  SAR  of  short-range  radio¬ 
frequency  devices  in  multiple  reflection  environment  has  been  developed.  The  involved  scenario  assumed  semi- 
infinite  plane  with  properties  of  homogeneous  muscle.  The  shown  results  indicate  that  a  reliable  human  exposure 
assessment  in  the  indoor  environment  requires  an  application  of  deterministic  numerical  methods,  capable  of 
calculation  of  multiple  reflection  conditions,  such  as  ray-tracing. 


Introduction 

Dosimetry  and  exposimetry  of  high-frequency  fields  have  been  investigated  for  a  number  of  years  in  variously 
shaped  object,  like  the  prolate  spheres  [1]  and  spheres  [2].  The  dipole-type  normal  excitation  has  been  studied  in 
the  semi-infinite  slab  [3],  even  under  near-field  conditions  [4].  Human  body  in  vicinity  of  wireless 
communications  devices  acts  as  a  disturbing  element  of  wireless  communications  systems  performance  [5].  On 
the  other  hand,  biological  effects  of  electromagnetic  fields  are  being  investigated  also  for  a  number  of  years  [6]. 
Some  numerical  techniques,  which  are  excellent  tools  for  a  calculation  of  deposited  electromagnetic  energy  in 
the  human  body,  like  FDTD,  are  being  extensively  used  throughout  years  [7].  Insofar,  the  attention  has  been 
mostly  focused  to  cellular  telephony.  The  constant  development  of  new  wireless  technologies  introduces 
presence  of  wireless  technologies  in  the  total  human  environment,  which  further  complicates  calculations  of 
deposited  electromagnetic  energy.  This  paper  presents  an  analytically  developed  SAR  formula  for  multiple 
reflections  conditions,  natural  to  indoor  environment. 


Oblique  incidence  of  plane  wave 

Let  us  suppose  that  tissue  is  a  homogeneous  material,  so  that  it  acts  like  a  semi-infinite  plane  to  the  impinging 
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electromagnetic  wave.  The  considered  technology  is  in  the  ISM  frequency  range  of  short  range  devices  (SRD), 
i.e.,  ISM  part  at  2.5  GHz.  Analytical  formulas  have  been  derived  for  SAR  of  the  SRD  base  stations.  The  SRD 
technology  usually  uses  half-wave  antennas,  which  allows  us  to  conclude  that  all  the  calculations  related  to 
human  exposure  to  SRD  base  stations  have  to  be  performed  for  far-field  propagation  conditions.  For  a  plane 
wave  travelling  in  air  (Fig.  1),  induced  SAR  at  a  planar  interface  air/tissue  is  defined  by  tissue  mass  density  p, 
tissue  conductivity  a,  tissue  impedance  (Zt)  and  power  density  in  the  tissue  (St): 


SAR  =  -(StZt )  (1) 

P 

Fig.  1  shows  a  vertically  polarized  EM  wave  impinging  obliquely  the  air/tissue  interface.  Air  is  characterized  by 
Po,  £o;  tissue  by  p0,  £r,  cj. 


Fig.  1  Oblique  incidence  of  a  vertically  polarized  wave 


Transmitted  power  density  in  the  tissue  ( St )  is  defined  as  a  difference  of  the  incident  (.S'nlc)  and  reflected  (.S'len) 
power  density: 


S,=  Sinc-Srefl  (2) 

The  transmitted  power  density,  St,  is  at  the  air-tissue  interface  defined  in  terms  of  SmL  by  a  reflection  coefficient 
F: 


N=s,„c(i-|r|2)  (3) 

SAR  is  defined  at  the  air-tissue  interface  as: 

STS  =  ^SincZt(l-|F|2)  (4) 

Tissue  impedance,  Zt,  is  for  the  plane  wave  exposure  defined  by  tissue  conductivity,  o.  tissue  permittivity,  sr, 
tissue  permeability,  p0  and  angular  frequency,  co: 
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Zx  = 
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.  a 
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(5) 


Reflection  coefficient  depends  on  a  wave  polarization.  For  a  vertically  polarized  wave  impinging  obliquely 
tissue,  Fv,  is  defined  by  an  incident  angle  (0i),  free  space  permittivity  e0,  tissue  conductivity  a,  tissue 
permittivity  sr,  and  angular  frequency,  oo: 
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Reflection  coefficient  for  horizontal  polarization  rh  is  slightly  differently  defined: 
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The  graphs  for  the  both  reflection  coefficients,  depending  on  the  incident  angle,  are  given  in  Fig.  2. 


Fig.  2  Calculated  reflection  coefficient  for  vertically  and  horizontally  polarized  impinging  wave 


SAR  in  the  tissue  for  a  vertically  polarized  wave  is  defined  as: 
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For  a  horizontally  polarized  wave  SAR  in  the  tissue  is  defined  as: 
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Fig.  3  shows  calculated  surface  SAR  in  dependence  of  impinging  angle,  9i,  with  used  electrical  parameters  in  the 
2.45  MFlz  frequency  band  for  the  homogeneous  all-muscle  model  (e2r  =  53.57,  g2  =  1.81  S/m,  and  p  =  1040 
kg/m3)  for  the  both  polarizations. 


Fig.  3  Calculated  ratio  of  surface  SAR  and  incident  power  density  in  dependence  of  vertically  and 
horizontally  polarized  obliquely  impinging  angle,  9i,  at  2.45  GFlz,  with  electrical  properties  of 
homogeneous  all-muscle  model 

The  results  indicate  that  for  a  range  of  incident  angles  the  ratio  of  surface  SAR  and  incident  power  density 
depends  highly  on  the  polarization  and  on  angle  of  incidence. 
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Multiple  oblique  incidence  of  plane  waves 

In  the  case  of  multiple  reflections  environment,  where  all  reflected  and  transmitted  components  have  a  general 
arrangement  and  thus  statistical  phase  difference,  it  is  necessary  to  define  a  position  of  human  body  in  the  indoor 
space.  Fig.  4  depicts  a  situation  with  only  one  barrier  (e.g.,  a  wall),  which  is  placed  at  a  distance  i £  from  the 
human  being. 

Even  under  these  very  especial  and  simplified  circumstances  (only  one  perfectly  conducting  wall),  the  analytical 
calculation  of  the  reflected  components  of  electric  field  is  quite  complex.  The  reflected  field  is  calculated  from  a 
number  of  reflected  components,  i.e.,  the  first  reflection  £),,  the  second  reflection  Elr,...  the  n- th  reflection  Em,  by 
using  incident  field  ( E0 ),  reflection  (f)  and  transmission  coefficient  (T),  as  given  by  Eqs.  (8a-n). 


Elr=E0reat 

(8a) 

E2  r  =  £oTr'T,ei(mt_C) 

(8b) 

£3r  =  £oTr'3T,ej(“t'2C) 

(8c) 

Enr  =  £0Tr'(2n-3)T,ei(<9t_(n“I)O 

(8n) 

Human 

body 


Fig.  4  Human  body  in  a  reflective  environment  with  only  one  wall 
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Reflection  and  transmission  coefficient  depend  on  polarization  and  incidence  angles.  Reflection  coefficient  for 
vertically  polarized  field  is  given  by: 


r  =  r 

A  vm  A  lv 


(®£o  (sr  -  cos2  ©!  )-./aj(l-  Tfvr  ts )  -  t]ts  sin2  ©j  (l  -  f2v ) 


( ®ereo  -  Jv)  c°s2  ©,  (i  -  r?A24 ) 
Reflection  coefficient  for  horizontally  polarized  field  is  defined  as: 
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Fig.  5  shows  reflection  coefficients  for  the  multiple  incidence  of  waves  of  the  both  polarizations. 


Fig.  5  Calculated  reflection  coefficient  for  multiple  incidence  of  vertically  and  horizontally  polarized  wave 


Results  of  application  of  relation  (4)  for  SAR  with  the  reflection  coefficient  of  multiple  reflection  of 
electromagnetic  waves  (9a)  and  (9b)  are  shown  in  Fig.  6. 
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Fig.  6  Calculated  ratio  of  surface  SAR  and  incident  power  density  in  dependence  of  incident  angle  9i  of 
vertically  and  horizontally  polarized  obliquely  impinging  wave  at  2.45  GHz,  with  electrical  properties 
of  homogeneous  all-muscle  model,  for  multiple  reflection 

The  results  on  Fig.  6.  show  that  for  a  range  of  incident  angles  the  surface  SAR  is  equal  to  incident  power  density 
except  for  horizontal  polarization  for  angles  higher  than  approximately  75  degrees. 


thetal .  degrees  thetal .  degrees 

a.  b. 

Fig.  7  Calculated  ratio  of  surface  SAR  and  incident  power  density  in  dependence  of  incident  angle  9i  of 
vertically  (a)  and  horizontally  (b)  polarized  obliquely  impinging  wave  at  2.45  GHz,  with  electrical 
properties  of  homogeneous  all-muscle  model,  for  multiple  reflection 

Further  inspection  into  the  calculated  results  shows  that  there  are  differences  in  calculation  of  SAR  for  vertically 
polarized  wave,  following  the  reflection  coefficient,  where  it  can  happen  that  for  some  angles  (e.g.,  82  degrees) 
the  value  of  total  SAR  is  up  to  3.5  times  higher  than  for  the  normal  incidence. 
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These  results  show  that  for  the  relevant  SAR  calculation  as  many  reflections  as  possible  have  to  be  taken  into 
account.  Also,  it  if  utmost  importance  to  realize  that  calculation  of  normal  incidence  of  electromagnetic  fields 
does  not  indicate  the  so-called  “worst-case”  SAR. 


Summary 

The  formula  for  SAR  has  been  developed  under  the  conditions  of  multiple  reflections  in  a  semi-infinite  plane 
with  electrical  properties  of  homogeneous  all-muscle  model.  The  calculated  results  show  that  at  certain  incidence 
angles  the  SAR  values  for  vertically  polarized  wave  can  be  up  to  3.5  times  higher  than  for  the  normal  incidence. 
Thus,  if  is  of  importance  for  SAR  calculation  in  multiple  reflective  environment,  such  as  indoor,  to  take  into 
account  as  many  reflected  rays  as  possible.  This  can  be  performed  by  introducing  numerical  methods,  such  as 
ray-tracing  [9],  [10]. 


References 

[1]  Iskander  MF,  Barber  PW,  Durney  CFl,  Massoudi  H.  1980.  Irradiation  of  prolate  spheroidal  models  of 
humans  in  the  near  field  of  a  short  electric  dipole.  IEEE  Trans,  on  MTT.  28(7):801-807 

[2]  Kritikos  FIN,  Schwan  F1P.1972.  Plot  spots  generated  in  conducting  spheres  by  electromagnetic  waves  and 
biological  implications.  IEEE  Trans.  Biomed.  Eng.,  19:53-58. 

[3]  Chatterjee  I,  Gandhi  OP,  Flagmann  MJ,  Riazi  A.  1980.  Plane-wave  spectrum  approach  for  the  calculation  of 
electromagnetic  absorption  under  near-field  exposure  conditions.  Bioelectromagnetics,  1:363-377. 

[4]  Kuster  N,  Balzano  Q.  1992.  Energy  absorption  mechanism  by  biological  bodies  in  the  near  field  of  dipole 
antennas  above  300  MFlz.  IEEE  Trans  Vehicular  Technol,  41(1):  17-23. 

[5]  Ziri-Castro  KI,  Scanlon  WG,  Evans  NE.  2004.  Indoor  Radio  Channel  Characterization  and  Modeling  for  a 
5.2-GFlz  Bodyworn  Receiver.  IEEE  Antennas  and  Wireless  Propagation  Letters,  3:219-22. 

[6]  Radiofrequency  Radiation  Dosimetry  Flandbook,  Fourth  Edition,  USAF  School  of  Aerospace  Medicine, 
Aerospace  Medical  Division  (AFSC),  Brooks  Air  Force  Base,  October  1986. 

[7]  Kunz  KS,  Luebbers  RJ.  The  finite  difference  time  domain  method  for  electromagnetics,  CRC  Press,  Boca 
Raton,  FL,  1993. 

[8]  Sullivan  DM,  Borup  DT,  Gandhi  OP.  1987.  Use  of  the  finite-difference  time-domain  method  in  calculating 
EM  absorption  in  human  tissues.  IEEE  Trans.  Biomed.  Eng.,  34:148-57. 

[9]  Zrno  D,  Simunic  D.  2003.  Matrix  Based  Ray-Tracing  Model  for  Indoor  Propagation,  ICECOM  2003. 
Dubrovnik,  pp.  221-224 

[10] Simunic  D,  Zrno  D.  A  Novel  Method  for  Electromagnetic  Dosimetry  Related  to  Fluman  Exposure  from 
Short-Range  Devices.  Submitted  to  Journal  for  Ecodynamics. 


109 


FULFILLING  THE  OCCUPATIONAL  HEALTH 
TRAINING  REQUIREMENTS  OF  EU  DIRECTIVE 

2004/40/EC 


MICHAEL  BANGAY 
Radhaz  Consulting  Pty  Ltd 

Suite  5,  8  Clay  Drive,  Doncaster,  Victoria  31  Australia 
michael@radhaz.com.au 


Abstract 

This  paper  addresses  the  application  of  the  European  Union  Directive  2004/40/EC  in  respect  to  worker 
information  and  training.  The  Directive  has  placed  obligations  on  employers  to  protect  their  workers 
from  risks  to  their  health  and  safety  arising  from  their  workplace  exposure  to  electromagnetic  fields. 
Employers  are  required  to  meet  particular  health  and  safety  requirements  that  include  exposure 
assessment  and  worker  training.  This  paper  sets  out  an  approach  that  achieves  the  employee  training 
and  information  objectives  described  in  Article  6  of  Directive  2004/40/EC.  An  overview  of  training 
material  provided  in  Australia  by  the  author  of  this  paper  to  meet  similar  requirements  to  Article  6  is 
presented. 

Introduction 

Governments  around  the  world  are  reacting  to  the  growing  concerns  over  exposure  to  electromagnetic 
fields.  While  much  of  the  concern  has  centred  around  the  public’s  exposure  to  magnetic  fields  around 
high  voltage  power  lines,  mobile  telephone  emissions  and  radiated  signals  from  telecommunications 
towers,  there  are  new  endeavours  to  address  worker  safety.  Hazards  associated  with  high-level 
exposure  to  radiofrequency  (RF)  fields  have  been  well  understood  for  many  years.  While  the  issue  of 
injuries  resulting  from  radiated  low  frequency  fields  like  those  around  electrical  power  infrastructure  is 
less  clear,  injuries  caused  by  radiated  RF  fields  and  associated  currents  is  quite  clear  and  requires  a 
response  to  protect  both  the  employee  and  employer.  The  understanding  about  RF  hazards  and  the  way 
it  can  cause  heating  and  burns  extends  back  into  the  early  days  of  radio  use.  Safety  standards  to  guard 
against  the  heating  effects  of  RF  radiation  have  been  in  place  for  almost  fifty  years.  The  current 
preoccupation  over  possible  athermal  health  effects  alleged  to  be  caused  by  exposure  to  levels  of  RF 
below  the  ICNIRP  limits  has  possibly  come  at  the  expense  of  a  more  appropriate  response  to  known 
RF  hazards  that  need  to  be  controlled. 

During  the  mid  1980’s  Australia’s  government  owned  national  telecommunications  company  faced  a 
major  occupational  health  and  safety  crisis  with  maintenance  and  installation  staff  refusing  to  climb 
masts/towers  for  fear  that  they  may  be  physically  harmed  by  the  RFR  radiation.  The  company 
responded  by  initiating  a  well-resourced  hazard  management  program  that  included  a  hazard 
assessment  and  staff  training.  The  training  program  has  been  continually  refined  over  the  past  20  years 
to  produce  training  that  establishes  safe  working  procedures  for  all  RF  workers.  This  paper  provides  an 
outline  of  the  training  program  conducted  by  Radhaz  Consulting  Pty  Ltd  over  the  past  eight  years. 

Employers  have  an  obligation  to  carryout  an  assessment  of  RF  exposure  levels  around  devices  that  emit 
RF  radiation  to  determine  if  there  is  a  risk  that  must  be  managed.  Generally,  a  potential  hazard  is 
defined  as  an  exposure  situation  that  allows  a  worker  to  be  exposed  to  levels  that  are  in  excess  of  the 
exposure  limit  values  described  in  the  Annex  of  Directive  2004/40/EC  which  were  obtained  from  the 
ICNIRP  guidelines  ICNIRP7/99.  These  values  are  described  as  the  occupational  exposure  limits  and 
do  not  apply  to  members  of  the  public.  It  is  assumed  that  exposed  workers  have  an  intelligent 
awareness  of  the  hazard  and  have  their  exposure  controlled  as  a  consequence  of  good  engineering 
design,  safe  work  procedures  and  training. 

The  initial  assessment  of  the  hazard  by  the  employer  to  determine  compliance  or  otherwise  forms  the 
basis  of  the  measures  needed  to  control  the  hazard.  Depending  on  the  circumstances,  the  assessment 
may  be  either  performed  by  calculation  or  by  measurement.  Measurement  is  generally  preferred  for 
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frequencies  below  110  MHz  due  re-radiation  situations  and  the  need  to  determine  touch  or  induced 
current  levels.  The  hazard  assessment  will  determine  the  critical  issues  of  frequency,  applicable  limit 
units  and  exclusion  distance  boundaries.  For  this  reason  the  assessment  should  be  performed  by 
organisations  with  proven  competences  with  accreditation  from  a  suitable  body.  The  accreditation 
requirements  should  ensure  that  the  procedures,  tools,  instrumentation  and  personnel  are  of  a  sufficient 
standard  to  make  certain  that  the  assessment  is  credible. 

Once  an  employer  has  established  the  possibility  of  a  hazard  there  is  an  “duty  of  care”  or  obligation  to 
control  the  hazard  and  apply  the  hierarchy  of  control  these  are: 

•  Elimination 

•  Substitution 

•  Isolation 

•  Engineering  controls 

•  Administrative  procedures 

•  Protective  clothing  and  equipment 

Concurrent  with  of  the  control  the  hazard  is  the  education  of  the  employees  so  that  when  they  work 
with  potentially  high  levels  of  RF  radiation  they  may  intelligently  apply  safe  work  procedures.  In 
summary,  the  training  of  workers  should  cover  the  following  topics: 

•  The  properties  of  radiofrequency  radiation 

•  The  biological  effects 

•  The  safety  standards  that  provide  protection 

•  Clear  presentation  of  the  areas  of  high  exposure  in  the  worker’s  workplace 

•  Safe  work  procedures 

•  The  characteristics  of  an  RF  source  that  effect  exposure 

Properties  of  Radiofrequency  radiation 

Most  workers  do  not  have  an  adequate  understanding  of  the  properties  of  RF  radiation.  It  is  neither 
practical  nor  necessary  to  give  workers  a  comprehensive  or  scientific  understanding  of  RF  radiation. 
However,  it  is  appropriate  to  describe  the  relevant  properties  that  may  cause  health  effects  and  remove 
the  misunderstanding  that  can  cause  unnecessary  worry  and  disruption  to  the  workplace.  Some  of  the 
fundamental  properties  that  need  to  addressed  are: 

•  RF  radiation  is  part  of  the  electromagnetic  spectrum 

•  RF  fields  are  energy  waves  composed  of  electric  and  magnetic  fields  that  can  be  modulated 

•  The  waves  are  described  by  their  frequency/wavelength  and  intensity 

•  RF  radiation  is  part  of  the  non-ionising  spectrum  and  not  like  the  ionising  part  of  the  spectrum 
that  includes  x-rays,  gamma  rays  and  UV  light 

•  RF  radiation  is  not  the  same  as  power  frequency  magnetic  fields 

•  Is  more  similar  to  IR  light  in  that  the  main  known  effect  is  heating 

Biological  effects 

The  knowledge  regarding  the  known  short-term  effects  about  RF  radiation  is  well  established.  This 
knowledge  should  have  a  direct  bearing  on  the  work  practices  of  employees  who  are  exposed  to  it 
during  the  course  of  their  employment.  The  WHO  has  identified  three  known  effects  where  there  is  an 
extensive  body  of  scientific  evidence  to  support  their  existence.  These  effects  are:  tissue  heating  by 
various  mechanisms,  neuro-stimulatory  and  acoustic.  When  describing  these  effects  it  is  important  to 
point  out  the  influence  of  frequency  showing  that  the  level  of  absorption  and  the  effect  are  related  to 
frequency. 

The  neuro-stimulatory  effect  that  is  caused  by  the  induced  RF  currents  in  tissue  stimulating  the  nerves 
and  causing  an  involuntary  reaction  is  limited  to  frequencies  of  about  100  kHz  and  is  more  related  to 
those  workers  who  work  with  induction  heaters. 

The  acoustic  effect  is  a  particular  phenomenon  that  manifests  itself  as  a  clicking  or  buzzing  in  then  ears 
when  the  exposed  person  is  subjected  to  high  power  pulsed  microwave  fields  like  those  around  radar 
antenna.  While  this  is  an  established  phenomenon,  it  is  quite  rare  to  encounter  the  exposure  situation 
that  generates  this  effect. 

Of  greater  importance  are  the  heating  effects  which  can  range  from  cataracts,  burns  and  heat 
exhaustion.  It  is  this  particular  effect  where  most  importance  should  be  directed  as  it  is  relevant  to  most 
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workers  who  are  employed  in  the  field  of  radio  communications  and  broadcasting  along  with 
manufacturing  industries  that  use  RF  welding  and  drying  equipment.  The  more  serious  injuries  that 
generally  occur  are  a  consequence  of  high  limb  or  contact  currents  that  cause  burns  or  nerve  damage. 
High  currents  are  generally  through  physical  contact  with  a  reradiating  metal  objects  or  live 
conductors/antenna  elements.  There  are  many  documented  cases  where  RF  welder  operators  have 
received  bad  burns  that  require  medical  involvement.  Similarly,  workers  who  work  around  high  power 
MF,  HF  and  VHF  broadcast  antennas  have  received  bad  burns  though  contacting  live  conductors  and 
reradiating  guy  wires. 

While  the  more  serious  injuries  occur  as  a  result  of  contact  currents,  whole  body  heating  can  occur  as  a 
result  of  being  in  a  strong  ambient  field  like  that  around  a  HF  broadcast  antenna.  The  heating  effects 
will  be  felt  as  either  a  localised  heating  more  commonly  in  the  ankles  and  lower  leg  or  as  a  core 
temperature  rise  in  the  body  that  if  allowed  to  continue  would  result  in  heat  exhaustion. 

While  many  workers  express  the  concern  that  RF  exposure  may  lead  to  male  fertility  effects,  eye 
damage  and  cancer  induction,  it  is  important  that  the  training  puts  these  concerns  in  their  proper 
perspective  and  alleviate  unnecessary  worry.  It  would  require  extremely  high  levels  of  sustained 
exposure  that  is  well  above  the  ICNIRP  limits  to  cause  eye  damage  and  short-term  fertility  effects. 
There  is  no  substantiated  scientific  evidence  that  RF  causes  cancer. 

An  important  part  of  training  is  to  raise  the  issue  of  medical  implants  that  may  be  either  metal  rods  as 
in  the  case  of  bone  breakages  or  active  devices  like  pacemakers.  In  these  circumstances  workers  are 
advised  to  speak  with  medical  specialist  before  working  in  areas  that  have  high  fields.  Similarly,  the 
issue  of  pregnancy  needs  to  be  addressed.  Some  authorities  consider  the  unborn  child  for  purposes  of 
the  exposure  limits  to  be  a  member  of  the  general  public  that  consequently  requires  the  mother  to 
restrict  her  exposure  to  the  general  public  limits.  Should  this  approach  be  taken  it  would  be  necessary 
for  pregnant  workers  to  notify  their  employer  with  the  intention  of  ensuring  that  their  work  place 
exposure  does  not  exceed  the  general  public  limits. 

Safety  standards 

Article  6  of  the  EU  Directive  requires  workers  to  be  provided  with  information  about  “the  values  and 
concepts  of  the  exposure  limit  values  and  action  values”.  This  component  of  the  training  creates  a 
potential  challenge  for  workers  in  the  various  industries  using  RF  radiation.  Quite  often  workers  do  not 
have  an  educational  background  or  familiarity  with  the  units  of  measurement  that  would  otherwise 
enable  them  to  understand  the  measurement  terms.  While  it  is  simple  to  present  a  table  with  exposure 
frequencies  and  related  limit  values  it  is  necessary  to  provide  an  explanation  for  the  concepts.  The  key 
points  to  present  are: 

•  Exposure  limit  values  which  ICNIRP  calls  Basic  Restrictions  which  relate  to  power  density  at 
the  skin’s  surface,  energy  and  current  densities  in  the  body  which  are  not  easily  measured. 
Although  important  at  a  theoretical  level,  exposure  limit  values  need  not  be  taught  in  much 
depth. 

•  Action  values  are  described  by  ICNIRP  as  Reference  Levels  and  are  the  units  of  measurement 
for  the  physical  quantities  of  electric  and  magnetic  field  strength,  equivalent  plane  wave 
power  density,  contact  current  and  induced  limb  current.  Measurement  of  these  quantities  will 
determine  compliance  with  the  limits.  A  clearer  understanding  of  action  values  needs  to  be 
given  to  those  workers  participating  in  training. 

A  successful  method  used  by  the  author  when  conveying  the  concepts  of  action  values  is  to  build  on 
knowledge  of  common  every-day  experience.  This  method  includes  using  the  analogy  of  radiated  heat 
from  an  electrical  radiator  and  the  use  of  a  domestic  microwave  oven  to  heat  food.  This  allows  more 
complex  and  less  familiar  concepts  to  be  built  on  the  knowledge  of  familiar  and  readily  understood 
experiences. 

Clear  presentation  of  exposure  areas  in  the  worker’s  workplace 

A  further  requirement  of  the  Directive  is  that  workers  receive  the  results  of  the  exposure  assessment. 
This  requirement  logically  seeks  to  provide  the  worker  with  an  understanding  of  where  the  areas  of 
non-compliant  exposure  occur  so  that  they  may  avoid  those  areas.  The  adoption  of  a  common 
reporting  format  of  hazard  zones  greatly  simplifies  this  aspect  worker  information.  A  common 
graphical  presentation  that  is  gaining  worldwide  acceptance  and  is  standard  practice  in  Australia  is  to 
show  site/building  plans  marked  with  two  colours.  The  colour  yellow  depicts  areas  where  the  exposure 
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levels  exceed  the  time  averaged  ICNIRP  general  public  limits  but  are  less  than  the  occupation  exposure 
limits.  The  colour  red  on  the  drawing  shows  the  areas  where  the  time  averaged  exposure  levels  are  in 
excess  of  the  occupational  exposure  limits.  The  use  of  simplified  colour  coded  scale  drawings  enables 
workers  to  understand  the  hazardous  areas  without  having  to  interpret  units  of  measurement. 
Employers  who  provide  a  graphical  presentation  of  hazard  areas  will  fulfil  their  requirement  to 
assess/map  exposure  areas  and  also  provide  the  necessary  hazard  assessment  information  to  their 
workers. 

Australia  has  developed  a  standard  reporting  format  for  identifying  RF  hazard  zones  around 
transmitting  antennas.  The  assessment  report  is  known  as  a  radio  communications  site  management 
book  (RCSMB)  and  finds  its  major  use  with  radio  systems  that  enable  calculation  of  the  exposure 
levels  based  on  antenna  gain/aperture  and  input  power.  The  RCSMB  is  also  suitable  for  use  where 
exposure  levels  are  determined  by  measurement  and  its  format  allows  its  use  for  industrial  applications 
of  RF.  The  RCSMB  is  the  one  document  that  addresses  all  of  RF  safety  issues  related  to  a  particular 
site.  The  RCSMB  contains  the  following  sections: 

1.  Site  Contact  Details  -  who  should  be  contacted  when  any  information  is  required 

2.  Site  RF  EME  Diagrams  -plan  and  elevation  drawings  showing  exclusion  zones 

3.  Site  Access  Control  -  Access  Control  Procedure  -  RF  / Iazard  Warning  Signs  Installed  - 
Special  Requirements  / Local  Rules 

4.  Equipment  Installed  at  this  Site  -  Summary’  of  Physical  Equipment  Installed 
-  Equipment  List 

5.  Site  Specific  Documents  -  Photographs  -  additional  measurements 

6.  Safe  Work  Procedure  -  The  procedures  that  need  to  be  followed  to  ensure  a  safe  workplace 

7.  Additional  Information  Sources  -  generic  RF  hazard  information  -  web  based  information 
etc 

Safe  work  procedures 

Every  worker  whose  duties  require  them  to  access  areas  of  RF  exposure  that  exceed  the  ICNIRP 
general  public  limits  need  to  have  a  written  set  of  understandable  safe  work  procedures.  The  procedures 
can  be  generic  and  applicable  for  all  RF  workplaces.  The  procedures  should  include: 

•  Read  the  site  safety  documentation  (RCSMB) 

•  All  workers  accessing  the  area  must  be  trained 

•  All  workers  entering  the  area  must  be  authorized 

•  Obey  all  warning  signs 

•  Assume  all  RF  sources/antennas  are  active 

•  Have  transmitters/sources  locked  out/disconnected  before  working  on  them 

•  Do  not  pass  in  front  of  the  radiating  faces  of  antennas,  always  pass  behind/below 

•  Use  personal  RF  monitors  (PPE)  when  working  around  transmitting  antennas  or  unfamiliar 
antennas.  Note:  specific  training  is  a  prerequisite  for  correct  use 

The  characteristics  of  an  RF  source  that  effect  exposure 

The  majority  of  sites  will  not  have  sufficient  documentation  to  identify  the  hazard  zones  and  it  will  be 
up  to  the  worker  to  conduct  their  job  safety  analysis  (JSA).  Training  needs  to  provide  a  basic 
understanding  of  the  properties  and  characteristics  of  RF  transmitting  sources/antennas.  This  will 
enable  workers  to  enter  a  site  and  generally  determine  where  potential  hazard  zones  exist.  An 
important  part  of  this  training  is  to  educate  workers  about  transmitting  antennas.  The  training  material 
on  antennas  should  not  be  at  an  engineering  level  or  involve  complex  mathematics.  Rather,  it  should 
focus  on  the  physical  differences  that  allow  antennas  to  be  defined  to  be  either  omni  directional  or 
directional  with  the  emphasis  on  where  potential  hazard  zones  exist.  A  brief  introduction  to  the 
calculation  of  radiated  power  flux  levels  should  be  given  with  attention  being  given  to  the  three 
variables  in  the  equation.  The  variables  of  gain,  power  and  distance  from  the  source  should  be 
explained  in  sufficient  detail  to  enable  the  worker  to  see  how  these  variables  may  effect  their  exposure. 

Summary 

Training  for  workers  who  work  around  RF  transmitting  sources  is  essential  for  their  safety.  It  is 
possible  to  pitch  the  training  material  at  an  educational  level  that  captures  the  majority  of  workers.  The 
use  of  graphical  materials  (power  point  slides)  and  analogies  from  every  day  life  will  help  most 
workers  meet  the  training  objectives.  Wherever  possible,  workers  should  be  encouraged  to  discuss  their 
experiences  and  draw  on  their  knowledge  during  group  discussions.  The  training  should  not  be 
delivered  as  a  lecture;  preferably,  the  training  should  be  presented  as  small  group  training. 
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The  training  can  be  delivered  in  less  than  one  day  (4-6  hr)  and  should  be  accompanied  by  a 
comprehensive  set  of  training  notes.  The  training  objectives  need  to  be  clearly  stated  with  a  written 
assessment  conducted  at  the  conclusion  of  training.  A  certificate  should  be  issued  if  the  assessment 
indicates  correct  understanding  of  the  material. 

Where  possible  the  material  should  be  accredited  by  an  external  educational/advisory  organisation. 
The  person  conducting  the  training  should  be  able  to  demonstrate  an  in  depth  knowledge  of  the 
material  and  have  obtained  formal  training  qualifications. 
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Abstract 

The  roll-out  of  the  third  generation  system  for  mobile  telephony  has  been  fast  in  Sweden.  The  decision  to  build 
the  UMTS  system,  3G,  was  taken  in  1999.  In  spring  2006  the  population  coverage  for  the  system  was  over  90 
percent.  The  rapid  launching  has  created  concern  and  opposition  among  parts  of  the  general  population.  During 
2004  and  2005  the  Swedish  Radiation  Protection  Authority,  SSI,  has  arranged  the  “Transparency  Forum”,  TF,  a 
series  of  three  open  seminars  regarding  the  3G  roll-out  where  all  stakeholders  were  involved:  authorities, 
industry  and  NGO:s,  including  interest  groups.  The  basis  for  TF  is  a  risk  communication  model  (RISCOM)  for 
delicate  situations.  A  key  element  in  TF  is  that  all  stakeholders  are  involved  on  equal  terms  in  the  planning  and 
realization  of  the  project.  The  three  seminars  covered:  Roles  and  responsibilities  of  the  different  organisations, 
The  scientific  basis  for  risk  assessment  and  Risk  management  and  precautionary  principles.  An  independent 
evaluation  company  evaluated  the  project.  The  conclusion  was  that  TF  had  offered  an  arena  for  stakeholders  to 
meet  and  that  the  dialogue  had  been  valuable.  The  evaluators  pointed  out  that  it  is  the  responsibility  of  SSI  to 
carry  on  working  in  the  transparent  way  opened  up  by  the  TF. 

Recent  Risk  Communication  Activities  in  Sweden 

The  Swedish  Radiation  Protection  Authority,  SSI,  is  the  competent  authority  for  radiation  protection  in  Sweden, 
both  for  ionising  and  non-ionising  radiation.  During  2004  and  2005  SSI  has  made  special  efforts  to  inform  and 
educate  the  public  and  the  municipalities  as  well  as  arranging  other  kinds  of  dialogue-projects  concerning  mobile 
telephony  and  health. 

In  2004  a  series  of  six  regional  one-day  training  courses,  “Mobile  telephony  and  health”,  was  organised  by  SSI 
and  the  National  Board  of  Health  and  Welfare.  The  training  course  was  offered  to  all  Swedish  municipalities. 
Altogether  more  than  300  regional  and  municipal  employees  and  politicians  attended  the  courses.  The  response 
from  the  attendants  has  been  very  positive. 

Early  the  same  year  SSI  took  the  initiative  to  a  network  of  experts  on  mobile  telephony  and  health  in  the  five 
Nordic  countries:  Denmark,  Finland,  Iceland,  Norway  and  Sweden.  The  work  in  this  group  resulted  in  a  common 
position  paper  “Mobile  Telephony  and  Health”  (1).  In  short  the  Nordic  authorities  pointed  out  that  there  is  no 
scientific  evidence  for  adverse  health  effects  from  mobile  telecommunication  systems,  but  that  some  scientific 
uncertainty  and  knowledge  gaps  could  justify  a  precautionary  attitude  regarding  the  use  of  handsets  for  mobile 
telephony. 

During  2004  and  2005  SSI,  arranged  the  “Transparency  Forum  for  mobile  telephone  systems”,  TF,  a  series  of 
three  open  seminars  regarding  the  3G  roll-out  where  all  stakeholders  were  involved:  authorities,  industry  and 
NGO:s,  including  interest  groups.  The  basis  for  TF  was  a  risk  communication  model  (RISCOM)  for  delicate 
situations.  A  key  element  in  the  RISCOM  model  is  that  all  stakeholders  are  involved  on  equal  terms  in  the 
planning  and  realization  of  the  project.  The  three  seminars  in  TF  covered:  Roles  and  responsibilities  of  the 
different  organisations,  The  scientific  basis  for  risk  assessment  and  Risk  management  and  precautionary 
principles. 

This  paper  describes  the  Transparency  Forum  in  more  detail. 

The  process  of  defining  the  project 

The  roll-out  of  the  third  generation  system  for  mobile  telephony  has  been  fast  in  Sweden.  The  decision  to  build 
the  UMTS  system  was  taken  in  1999.  The  licences  for  the  operators  were  distributed  in  2000.  In  spring  2006  the 
population  coverage  for  the  system  exceeded  90  percent  in  Sweden.  The  rapid  launching  has  created 
considerable  concern  and  opposition  among  certain  parts  of  the  general  population.  The  media  coverage  of  the 
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3G  issue  has  been  intensive.  Interest  groups  have  been  active  in  the  resistance  towards  the  launching  of  the  new 
system  and  sabotage  against  masts  carrying  UMTS  base  stations  has  occurred.  Also,  individuals  that  have 
reported  a  variety  of  health  problems  that  they  relate  to  exposure  to  electromagnetic  fields  have  argued  that  the 
authorities  have  neglected  their  problems.  The  debate  at  the  municipal  level  has  been  intensive,  involving  local 
civil  servants  as  well  as  local  politicians.  The  building  of  masts  has  been  appealed  in  court  etc.  SSI  and  other 
central  authorities,  have  received  critical  views  concerning  the  authorities’  role  in  the  controversy  on  new  mobile 
phone  technologies.  One  reason  for  this  is  the  perceived  technocratic  approach  that  is  no  longer  accepted.  The 
need  for  a  dialogue  was  obvious. 

The  RISCOM  model  of  transparency 

For  more  than  15  years,  SSI  has  been  working  with  risk  communication  in  the  nuclear  waste  arena,  trying  to 
achieve  a  better  dialogue  between  different  stakeholders.  Using  this  risk  communication  experience  and 
methodology,  SSI  has  been  co-financier  in  the  development  of  a  communication  model  for  dialogue  in  different 
areas  of  complex  issues  of  society  -  RISCOM  (from  RISkCOMmunication).  One  suggestion  of  the  RISCOM 
approach  is  to  create  an  arena  for  dialogue  and  discussion  for  concerned  parties  (2,3,4). 

Decisions  on  certain  complex  issues,  for  instance  regarding  nuclear  waste  management,  involve  both 
scientific/technical  and  value-laden  parts.  If  this  is  evident,  transparent,  both  to  the  public  and  the  decision¬ 
makers  the  decisions  taken  will  generally  improve  in  quality.  It  is  also  important  that  all  parties  understand  the 
roles  and  responsibilities  of  the  different  stakeholders. 

According  to  the  RISCOM  model,  appropriate  procedures  must  be  created  in  which  the  decision-makers  and  the 
public  can  validate  claims  of: 

•  Truth  (technical-scientific  issues:  Is  this  true?  Are  we  doing  things  right? 

•  Legitimacy  (normative  issues:  What  is  fair,  acceptable,  legitimate) 

•  Authenticity  (trust,  no  hidden  agendas,  personal  integrity  and  organisational  identity) 

These  are  the  three  corner-stones  (often  illustrated  as  a  triangle)  in  the  RISCOM  concept,  they  are  equally 
important  and  interconnected. 

It  is  seldom  possible  for  the  public  to  understand  the  scientific  and  technical  issues  in  detail,  or  for  the  different 
scientists  and  experts  to  understand  the  details  of  each  other’s  disciplines.  Therefore,  appropriate  decision 
processes  must  be  created;  allowing  the  public  to  judge  whether  they  can  trust  different  scientists  and  experts. 
The  public,  and  other  stakeholders,  must  have  the  opportunity  to  evaluate  the  trustworthiness  and  authenticity  of 
all  parties  involved.  An  important  and  useful  tool  to  evaluate  Truth,  Legitimacy  and  Authenticity  is  the  concept 
of  “stretching”.  Stretching  usually  means  that  critical  questions  are  raised  from  different  perspectives  and 
answered.  All  involved  parties  must  allow  themselves  to  be  stretched.  Public  participation  is  essential  for 
transparency  and  a  satisfactory  public  involvement  is  not  possible  without  transparency.  The  media  is  also 
important  in  a  transparent  process.  Experienced  journalists  are  vital  for  stretching  scientists,  experts  and 
authorities  but  must  also  allow  themselves  to  be  stretched. 

The  RISCOM  concept  has  been  successfully  applied  in  the  nuclear  waste  management  discussions  in  Sweden. 

Transparency  Forum 

During  2004  SSI  initiated  a  dialogue  project  outline  on  the  launching  of  the  third  generation  of  mobile 
telephony,  the  “Transparency  Forum  for  mobile  telephone  systems”.  The  aim  of  this  project  was  to  improve  the 
dialogue  and  transparency  in  society  regarding  electromagnetic  fields,  focusing  on  new  mobile  telephone 
systems,  and  to  increase  the  mutual  understanding  of  different  stakeholders’  roles  and  value  judgements,  so  that 
different  discussions  will  be  addressed  in  the  right  arenas  (political,  technical,  municipal  etc.). 

All  kinds  of  relevant  stakeholders  have  taken  part  in  the  project;  authorities,  industry  and  NGO:s,  including 
interest  groups.  All  were  given  the  opportunity  to  express  their  opinions  and  ideas  since  a  key  element  in 
RISCOM  is  that  all  stakeholders  are  involved  on  equal  terms  in  the  planning  and  realization  of  the  project. 

The  reference  group 

A  reference  group  was  created,  with  a  broad  representation  of  the  relevant  stakeholders.  The  reference  group  did, 
at  a  series  of  regular  meetings,  take  decisions  on  defining  the  process,  program,  timetable,  meeting  places,  etc.  A 
requirement  for  the  Transparency  Forum  concept  was  that  the  project  was  to  be  defined  and  decided  by  this 
reference  group,  and  not  by  SSI  alone.  The  RISCOM  principles  were  used  all  the  way  as  the  structure  for 
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dialogue.  Swedish  authorities  financed  the  project  and  SSI  was  the  project  manager,  also  using  consultant 
experts. 

A  number  of  preparatory  meetings  were  held  to  define  the  need  for  a  dialogue  process,  starting  with 
representatives  from  two  municipalities  experiencing  a  debate  concerning  the  implementation  of  new  mobile 
phone  technologies.  The  municipal  interest  was  very  high,  leading  to  widened  meetings  with  other  stakeholders, 
also  approving  the  initiative  (other  authorities,  municipal  representatives,  industry,  NGO:s  etc.).  Therefore,  a 
reference  group  with  a  broad  range  of  stakeholders  was  established  to  define  the  Transparency  Forum  project.  A 
project  outline  was  created,  that  has  been  updated  and  accepted  by  the  reference  group,  along  with  a  formal 
agreement  specifying  the  conditions  for  participating. 

Organisations  represented  in  the  reference  group: 

Authorities 


Swedish  Radiation  Protection  Authority 
National  Board  of  Health  and  Welfare 
National  Electrical  Safety  Board 
Swedish  Work  Environment  Authority 
National  Post  and  Telecom  Agency 
National  Institute  of  Public  Health 
Swedish  Emergency  Management  Agency 
Stockholm  County  Council  (Medical  expertise) 

Nacka  and  Sodertalje  municipalities 

Industry 

Ericsson 

MTB  (Organises  manufacturers  and  dealers  of  mobile  phones) 

Tele2  (Network  operator) 

TeliaSonera  (Network  operator) 

Vodafone  (Network  operator) 

NGO’s 

TCO  Development  (Labelling  of  mobile  phones  and  other  electronic  products) 

Vagbrytaren,  Swedish  for  Breakwater  (Interest  group  fighting  unhealthy  electromagnetic  radiation) 

FEB,  Swedish  Association  for  the  Electro  hypersensitive 

Three  interactive  seminars 

During  the  project  preparation  it  was  decided  that  three  seminars  should  be  organised  where  it  would  be  possible 
for  all  stakeholders  to  state  their  true  opinions  and  be  questioned  on  their  views  by  all  others.  The  reference 
group  decided  on  the  following  themes  for  the  three  seminars: 

Seminar  1  -  The  roles  and  arenas  of  the  different  stakeholders 

This  first  seminar  was  held  late  in  2004  and  about  thirty  people  attended.  The  seminar  gave  a  description  of  the 
historical  evolution  of  the  new  mobile  telephone  systems,  focusing  on  decisions  in  political,  technical,  and 
economical  areas  that  have  led  to  the  present  situation. 

To  create  a  dialogue  people  have  to  meet,  and  be  given  the  opportunity  to  understand  other  stakeholders’  roles 
and  responsibilities.  Several  Swedish  national  authorities  are  more  or  less  involved  when  it  comes  to  the 
question  of  UMTS,  and  the  roles  and  interactions  of  these  are  not  always  easily  understood.  Therefore,  a 
description  of  the  interaction  between  different  stakeholders  and  arenas  was  designed.  Representatives  for  the 
involved  authorities,  industrial  companies  and  NGOs  gave  accounts  of  their  different  views  on  the  mobile 
telephone  issue.  A  Member  of  Parliament  representing  the  Green  party  presented  that  party’s  view. 

After  the  presentations  a  number  of  interesting  questions  that  had  appeared  during  the  day  were  discussed  in 
working  groups.  Some  of  the  questions  were. 

•  How  can  Society  take  better  care  of  people  who  claim  to  be  electro  hypersensivive? 

•  How  can  the  precautionary  principle  be  applied  to  mobile  telephony? 

•  Who  has  the  responsibility  for  weighing  risk  against  benefits  of  new  techniques? 
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•  How  should  anecdotic  reports  and  personal  experiences  be  taken  into  account  in  the  risk  estimation 
process? 

The  discussion  in  the  groups  were  loud  and  vivid,  but  were  held  in  a  good  mood. 

Seminar  2  -  The  research  basis  for  the  risk  estimation 

The  second  seminar  was  held  for  two  days  early  in  2005  and  about  sixty  people  attended.  The  scope  of  the 
seminar  was  to  discuss  the  research  in  the  area  of  radiofrequency  electromagnetic  fields  and  health  as  a  basis  for 
the  risk  estimation  for  mobile  telephony. 

Risk  evaluation  and  judgment  is  not  a  strictly  technical  and  scientific  issue,  values  also  plays  a  very  important 
role.  It  is  important  to  understand  how  we,  as  individuals,  perceive  risks  and  makes  personal  risk  judgments.  The 
second  seminar  was  therefore  planned  with  a  broad  framing  where  the  themes  of  discussion  were: 

•  Radiation  -  physical  and  biological  facts  and  risk  estimations  for  electromagnetic  fields 

•  Risk  estimation  concerning  mobile  telephone  systems 

•  Different  methods  for  risk  estimation 

•  The  basis  for  SSI's  risk  estimation  and  regulations  for  electromagnetic  fields 

•  The  situation  for  individuals  who  find  themselves  hyper-sensitive  to  electromagnetic  fields 

Among  the  participating  scientists  were  Anders  Ahlbom  and  Maria  Feychting  from  the  Karolinska  group, 

Lennart  Hardell  from  Orebro  University,  Jacob  Eberhardt  from  Lund  University  (the  Salford-Persson  group)  and 
Igor  Belyaev  from  Stockholm  University.  Lars-Erik  Holm,  director  general  of  SSI  presented  the  authority’s  risk 
estimation  for  exposure  from  mobile  phones  and  from  base  stations.  Representatives  for  the  industry  and  the 
interest  organisations  presented  their  respective  views  on  the  risks.  The  discussions  and  stretching  after  the 
presentations  were  intensive  and  sometimes  rather  aggressive 

Also  at  the  second  seminar  discussions  in  working  groups  were  an  important  part.  The  group  discussions  were 
held  at  the  end  of  the  first  day.  A  specific  scope  this  time  was  that  the  groups  should  present  questions  that  could 
be  used  for  the  stretching  the  next  day.  Four  groups  were  formed: 

1 .  Research  on  health  risks  from  base  stations  and  antennas 

2.  Research  on  electrical  hypersensitivity 

3.  Risk  estimation  procedures 

4.  Research,  methodology  and  evaluation 

The  working  groups  were  successful  in  formulating  a  number  of  relevant  questions  for  the  stretching. 

Seminar  3  -  Precautionary’  principles  and  exposure  limits 

The  third  and  last  seminar,  also  for  two  days,  was  held  in  spring  2005  and  about  a  hundred  people  attended.  The 
scope  of  this  seminar  was  to  discuss  precautionary  principles  and  exposure  limits  as  applied  to  mobile  telephony. 

Precautionary  principles  are  used  in  many  different  areas  and  there  are  many  different  interpretations  on  the 
practical  use  and  consequences.  The  precautionary  principles  relate  of  course  to  the  use  of  exposure  limits  for 
electromagnetic  fields.  Themes  to  discuss  were: 

•  Legal  aspects  of  exposure  limits  and  the  precautionary  principle  (EU  and  national  legislation) 

•  Exposure  limits  for  electromagnetic  fields 

•  Different  interpretations  and  practical  implications 

The  seminar  began  with  a  very  interesting  presentation  on  the  background  and  the  legal  aspects  of  the 
precautionary  principle  by  Annika  Nilsson,  legal  expert  from  Lund  University.  Maila  Hietanen,  vice  chairman  of 
ICNIRP  (Internation  Commission  on  Non-Ionizing  Radiation  Protection)  presented  ICNIRP’s  work  and  the  1998 
guidelines.  Igor  Belyaev  gave  an  account  of  the  guidelines  from  RNCNIRP,  the  Russian  commission  on  non¬ 
ionizing  radiation  protection.  The  proposal  from  the  WHO  EMF  Project  for  a  Precautionary  Framework,  was 
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also  presented.  The  second  day  concluded  with  a  panel  discussion  focussed  on  exposure  limits  and  how  to  apply 
the  precautionary  principle. 

At  the  beginning  of  the  second  day  the  Swedish  minister  of  the  environment,  Lena  Sommestad,  gave  the 
Government’s  view  on  precautionary  principles  and  exposure  limits  applied  to  mobile  telephony.  Lars-Erik 
Holm  gave  an  account  of  the  scientific  basis  of  SSLs  risk  estimation  and  exposure  limits.  He  also  presented  the 
role  of  SSLs  international  expert  group  on  electromagnetic  fields  (5).  After  that  other  central  Swedish  authorities 
involved  in  mobile  telephony:  the  National  Board  of  Health  and  Welfare,  the  National  Electrical  Safety  Board 
and  the  Swedish  Work  Environment  Authority  gave  their  views  on  the  risk  estimation. 

A  representative  from  Stockholm  municipality  discussed  the  rights  of  those  who  claim  to  be  electrically 
hypersensitive  and  the  industry  and  the  NGOs  in  turn  presented  their  views  on  the  risk  estimation.  The  second 
day  of  the  seminar  concluded  with  a  questioning  of  some  of  the  speakers  and  a  panel  discussion. 

The  evaluation  of  the  project 

To  investigate  whether  the  aim  of  the  project  was  fulfilled,  an  evaluation  was  made  by  an  external  company 
specialised  in  evaluations  of  different  authorities  dialogue  projects.  The  evaluation  method  that  was  used 
included  different  kinds  of  interviews  and  telephone  questionnaires.  Special  care  was  taken  to  make  sure  that  as 
many  of  the  project’s  participants  as  possible  took  part  in  the  evaluation.  It  was  also  important  for  the  credibility 
of  the  evaluation  that  personal  opinions  should  be  taken  into  consideration  and  analysed.  A  special  focus  was 
therefore  put  on  subjective  impressions  of  both  the  project’s  accomplishment  as  well  as  the  effects  of  the  project. 

The  evaluation  clearly  shows  that  the  majority  of  the  participants  have  the  distinct  opinion  that  the  project  has 
resulted  in  an  improved  dialogue  of  the  UMTS  issue.  The  project  has  contributed  to  that  the  stakeholders  have 
been  sitting  at  the  same  table  actually  meeting  each  other’s  different  opinions  and  views  in  a  way  that  not  had 
occurred  in  Sweden  prior  this  project.  There  have  also  been  different  forms  of  learning  and  a  new  forum  for 
dialogue  has  been  created.  Due  to  the  meeting  between  different  stakeholders  with  different  opinions  and  values 
there  has  been  an  increased  understanding  for  other  stakeholders’  roles  and  values.  The  project  did  not  have  as 
an  aim  to  reach  consensus  (6). 

The  final  report 

During  the  entire  project  the  documentation  of  the  process  has  been  of  the  greatest  importance.  Some  parts  of  the 
seminars  have  also  been  recorded  to  make  sure  that  all  aspects  of  the  interesting  discussions  were  not  lost  in 
mere  notes.  It  was  stated  already  in  the  beginning  of  the  project  that  the  documentation  would  result  in  a  final 
report.  The  idea  was  that  this  report  would  try  to  capture  the  very  essence  of  the  Transparency  Forum;  the 
dialogue  itself.  The  report  is  being  written  not  only  for  the  participants  of  the  project  but  also  for  all  those  who 
did  not  have  the  opportunity  to  participate  in  the  project,  of  for  example  geographic  reasons.  The  report  is 
expected  to  be  released  in  the  autumn  of  2006. 

How  is  the  dialogue  continued? 

Originally  there  was  an  ambition  to  continue  the  dialogue  of  Transparency  Forum  in  a  more  permanent  way,  as  a 
regular  part  of  the  work  of  SSI  and  other  stakeholders.  But  in  December  2005  the  project  was  concluded  and  the 
reference  group  resolved.  The  evaluation  points  out  that  it  is  important  to  continue  the  dialogue.  The  question  is 
how.  For  this  there  are  no  readymade  plans  as  of  today,  but  SSI  is  determined  to  continue  the  work  that  has  been 
started.  SSI  has  the  intention  to  summon  the  stakeholders  regularly  to  discuss  different  aspects  of 
electromagnetic  fields  and  health  in  order  to  maintain  the  dialogue. 
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Abstract 

The  aim  of  this  study  was  to  investigate  the  effects  of  a  0.5  T  static  magnetic  field  (SMF)  of  a  MRI  clinical  unit 
on  human  CD4 1  T  cell  lines  in  terms  of  cytokines  content,  expression  of  surface  markers,  cell  proliferation.  Cells 
were  sorted  by  immunomagnetic  beads  from  peripheral  blood  mononuclear  cells  (PBMC).  Cells  were  cultured  in 
complete  medium  and  split  into  2  groups  of  samples,  one  to  be  exposed  and  the  other  one  as  control.  After  2  hrs 
of  exposure  to  the  SMF  at  37°C,  cells  were  stimulated  or  non  stimulated  with  a  mitogen,  and  incubated  for  48 
and  72  hrs.  After  48  hrs  of  incubation  it  was  observed  in  exposed  CD41  T  cell  lines:  a  decrease  of  IFN-y 
production  assayed  by  ELISA  technique,  a  decrease  of  IFN-y  content,  cell  proliferation,  expression  of  CD25  an 
activation  surface  marker-  assayed  by  flow  cytometry.  After  72  hrs  of  incubation  these  effects  were  no 
statistically  significant.  This  observation  indicates  that  magnetic  fields  could  have  temporarily  biological  effects 
on  T  lymphocytes  and  that  lymphocytes  represent  a  sensitive  model  for  the  studying  and  understanding  of  the 
effects  of  magnetic  fields  on  the  immune  system. 

Introduction 

The  influence  of  static  magnetic  field  (SMF)  on  biological  systems  has  been  a  topic  of  considerable  interest  for 
many  years  [1-2].  We  have  previously  demonstrated  that  SMF  can  influence  the  release  of  cytokines  and 
intracellular  calcium  by  human  CD4  T  cell  lines  [3-6].  Immune  system  cells  represent  a  sensitive  model  for  the 
study  and  understanding  of  immunophysiological  effects  of  the  SMF  [7].  The  aim  of  this  study  was  to 
investigate  the  effects  of  a  0.5  T  SMF  of  a  MRI  clinical  unit  on  human  CD4  T  cell  lines  on  cytokines  content, 
expression  of  surface  markers,  cell  proliferation. 

Materials  and  methods 

Peripheral  blood  mononuclear  cells  (PBMC)  were  isolated  from  heparinized  blood  by  centrifugation  on  Ficoll- 
Hypaque  (Pharmacia,  Uppsala,  Sweden).  Cells  were  maintained  in  RPMI-1640  (Gibco,  Grand  Island,  NY) 
supplemented  with  10%  heat-inactivated  pooled  human  AB1  serum,  2mM  L-glutamine,  20mM  HEPES,  100 
U/ml  penicillin,  100  pg/ml  streptomycin,  5  x  10'5  M  2-mercaptoethanol  and  150  IU/  ml  rIL-2.  CD4  T 
lymphocytes  were  sorted  by  immunomagnetic  beads,  using  an  anti-CD4  specific  monoclonal  antibody  (mAh) 
and  CD41  T  cells  were  then  expanded  in  vitro  in  IL-2/CM  supplemented  with  a  purified  mitogen, 
phytohemagglutinin,  PHA  (Leucoagglutinin,  0,5  ug/ml.  Sigma,  St.  Louis,  USA)  and  irradiated  (30  Gy  from  a 
Caesium  source)  allogeneic  feeder  cells  (PBL  and  Epstein  Barr  Virus-B  cells  at  a  ratio  of  10/1).  Cells  were 
maintained  for  2  weeks  without  restimulation  prior  to  functional  analysis.  Purity  of  the  CD41  T  cells  was 
assessed  by  two  colours  flow  cytometry.  PE-conjugated  anti-CD3  mAh  was  used  with  FITC-conjugated  anti- 
CD4  (mAh  Becton  Dickinson,  San  Jose,  CA).  The  cells  were  analysed  by  FACScan  flow  cytometer  (Becton 
Dickinson,  Mountain  View,  CA).  This  T  cells  expansion  procedure,  using  PHA  and  allogeneic  stimulation, 
induces  expansion  of  virtually  all  CD4+  T  cells  and  does  not  introduce  any  bias  in  the  T  cell  repertoire.  Cell 
culture  was  split  into  two  groups  of  samples,  one  to  be  exposed  and  the  other  one  as  control  to  be  kept  under 
isothermal  conditions  for  the  whole  time  of  the  experiment,  before  the  exposure  to  the  SMF.  After  2  hrs  of 
exposure  to  the  SMF,  cells  were  stimulated  with  PHA,  employed  at  a  0.5  ug/ml  suboptimal  concentration.  After 
48  hrs  and  72  hrs  of  cell  culture,  CD4  T  cells  were  collected  and  incubated  at  37°C  for  48  hrs  and  72  hrs.  A 
superconducting  MRI  unit  (Vectra,  GE  Medical  Systems,  Milwaukee,  WI,  USA)  commonly  employed  for 
clinical  examinations  was  the  source  of  the  0.5  T  SMF.  A  specific  device  for  keeping  the  cell  samples  at  37°  C 
was  used;  it  was  constituted  by  a  thermostated  water  bath  in  which  a  plexiglass  tube  holder  with  the  tubes 
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containing  cell  samples  were  placed  before  their  introduction  within  the  gantry  of  the  MRI  unit.  The  experiment 
was  repeated  twice  in  different  days.  Intracellular  staining  was  used  to  determine  the  IFN-y  intracellular 
concentration  at  the  single-cell  level  both  on  exposed  and  sham  exposed  cell  samples,  before  and  after  exposure 
to  the  SMF.  Staining  for  intracellular  nuclear  antigen  was  performed  by  incubation  of  fixed  permeabilized  cells 
with  FITC-labelled  anti-Ki67  antibody  and/or  with  PE-labelled  anti-CD25  antibody  (Becton  Dickinson).  After 
two  more  washes  in  PBS  1%  FCS,  the  cells  were  analysed  by  FACScan  flow  cytometer  (Becton  Dickinson). 
Viable  lymphocytes  were  gated  by  forward  and  side  scatter  and  analysis  was  performed  on  100.000  acquired 
events  for  each  sample.  Cells  were  harvested  and  fixed  with  4%  (w/v)  paraformaldehyde  in  PBS  for  10  m  at 
room  temperature.  Fixed  cells  were  suspended  and  washed  twice  with  permeabilization  buffer  containing  0.1% 
saponin  (Sigma-Aldrich,  Milano,  Italy),  1%  heat-inactivated  FCS,  and  0.1%  NaN3  in  PBS.  The  permeabilized 
cells  were  then  incubated  in  the  presence  of  saponin  with  FITC-coniugated  anti-IFN-y  ,  anti-Ki67  and  anti-CD25 
(Sigma-Aldrich,  Milano,  Italy)  for  1  h  at  ice  temperature.  After  two  more  washes  in  PBS  1%  FCS,  the  cells 
were  analysed  by  FACScan  flow  cytometer  (Becton  Dickinson,  Mountain  View,  CA).  Viable  lymphocytes  were 
gated  by  forward  and  side  scatter  and  analysis  was  performed  on  100,000  acquired  events  for  each  sample.  The 
IFN-y,  CD25  expression  and  Ki67  concentration  were  monitored  by  single  excitation  flow-cytometer  technique. 
The  fluorescence  was  recorded  at  490  nm  excitation  and  520  nm  emission. 

Results 

In  CD41  T  cell  lines  exposed  for  2  hrs  to  a  0.5  T  SMF,  after  48  hrs  of  in  vitro  culture,  there  was  a  decreased  IFN- 
y  intracellular  content  and  expression  of  CD25  surface  marker  with  respect  to  sham  exposed  cells,  that  was 
enhanced  in  cells  stimulated  with  PHA  (Tab.  1,  2).  The  exposure  also  caused  a  decrease  of  the  rate  of 
proliferation  of  CD4  T  cell  lines  in  exposed  cells  with  respect  to  sham  exposed,  stimulated  and  not  stimulated 
with  PHA,  as  demonstrated  by  typical  FACS  intracellular  analysis  of  Ki67  expression  (Fig.  1).  After  72  hrs  of 
exposure  there  were  not  significant  differences  of  the  above  parameters  analysed  between  the  exposed  and  sham- 
exposed  cells. 

Discussion 

In  this  study  we  investigated  the  bioeffects  of  the  SMF  on  the  intracellular  content  of  IFN-y,  CD25  marker 
expression  and  cell  proliferation,  using  an  homogeneous  cell  population  of  human  CD41  T  cell  lines.  IFN-y 
cytokine  is  a  highly  versatile  homodimeric  protein  that  plays  an  essential  role  in  cell  mediated  immune  responses 
to  viral  and  mycobacterial  infections  [8].  The  IFN-y  gene  is  located  on  chromosome  12  and  codes  for  a  17  kDa 
protein,  which  then  undergoes  posttranslational  glycolysis  converting  the  IFN-y  to  a  20-25  kDa  glycoprotein. 
IFN-y  is  produced  by  NK  cells,  dendritic  cells,  cytotoxic  T  cells,  ThO  cells  and  Thl  cells.  IFN-y  directs  several 
immunoregulatory  mechanisms  that  enhance  the  cytokine's  function  and  increases  the  production  of  MHC  class  I 
and  II,  which  in  turn  increase  the  likelihood  that  the  infected  cell  will  be  recognized  as  such.  Moreover,  FACS 
analysis  for  CD25  expression,  which  is  expressed  as  an  early  membrane  marker  of  T  cell  activation,  in 
exposed  and  sham  exposed  cells,  treated  and  not  treated  with  PHA,  shows  lower  expression  of  CD25  marker 
surface  in  exposed  cells.  Furthermore,  we  evaluated  the  cells  proliferation  by  the  expression  of  Ki-67  protein. 
The  Ki-67  protein  is  present  during  all  active  phases  of  the  cell  cycle  (Gl,  S,  G2  and  mitosis),  but  is  absent  from 
resting  cells  (GO)  and  therefore  it  is  an  excellent  marker  for  determining  the  so-called  growth  fraction  of  a  given 
population.  Although  the  functional  role  of  Ki-67  protein  during  cell  proliferation  is  unknown,  it  is 
unquestionable  that  Ki-67  protein  expression  and  cell  proliferation  are  closely  linked.  During  the  interphase,  this 
antigen  can  be  exclusively  detected  within  the  nucleus,  whereas  in  mitosis  most  of  the  protein  is  relocated  to  the 
surface  of  the  chromosomes  [9].  In  this  paper,  after  48  hrs  of  in  vitro  culture,  a  significant  decrease  of 
intracellular  content  of  IFN-y,  CD25  expression  and  cell  proliferation  was  observed  in  CD41  T  cells  exposed  for 
2  hrs  to  the  0.5  T  SMF  of  a  MRI  clinical  unit  with  respect  to  sham  exposed  cells,  stimulated  and  not  stimulated 
with  PHA.  However,  after  72  hrs  of  exposure  there  were  not  significant  differences  of  the  above  parameters 
analysed  between  the  exposed  and  sham-exposed  cells.  These  results  indicate  that  CD4 !  T  cell  lines  are  a  target 
population  of  SMF,  and  that  the  inhibitory  effect  of  the  latter  is  reversible. 
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Fig-1  FACS  intracellular  analysis  of  CD41  T  cells  exposed  in  vitro  for  2  hrs  to  a  0.5  T  SMF,  stained  with 
antibody  anti-ki67  FITC  conjugated. 
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A)  Control:  CD4fT  cells  in  complete  medium. 

B)  Control :  CD4'  T  cells  stimulated  with  PHA. 

C)  Exposed  cells:  CD41  T  cells  in  complete  medium. 

D)  Exposed  cells:  CD41  T  cells  stimulated  with  PHA. 


Table  1.  Assay  of  intracellular  IFN-y  of  CD41  T  cells  exposed  in  vitro  for  2  hrs  to  a  0.5  T  SMF. 


Samples  Sham-exposed  Exposed 


%IFN-y+CD4+ 

48  hat  37  °C  5  2.4 +  2.5  1.5  ±  1.3 

48  h  at  37  °C, PHA  5  3.6  ±2.8  2.4  ±2.1 


Table  2.  Expression  of  surface  activation  marker  on  the  membrane  of  CD41  T  cells  exposed  in  vitro  for  2  hrs  to 
a  0.5  T  SMF. 


Samples 

Sham-exposed 

Exposed 

%  CD25  CD4+ 

48  h  at  37  °C  5 

4.2  ±2.8 

3.1  ±  1.7 

48  h  at  37  °C,PHA  5 

9.0  ±4.5 

6.7  ±2.6 
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Abstract 

The  effect  of  electeromagnetic  field  (1  kHz,  square  wave)  on  the  growth  and  essential  oils  of  sweet  basil 
(Ocimum  basilicum)  was  studied.  The  plants  in  vegetative  growth  phase  were  discontinuously  exposed  to 
the  electeromagnetic  field  for  6  days,  each  5  hours.  The  results  showed  decrease  of  the  growth  of  shoots  of 
treated  plants  compared  to  the  control  group.  The  activity  of  polyphenol  oxidase  was  increased  by  the 
treatment,  whereas  the  amount  of  volatiles,  in  particular  of  methyl  chavicol  was  decreased.  It  can  be 
suggested  from  the  results  that  electeromagnetic  field  exposure  of  basil  caused  metabolism  pathway  shifted 
from  producing  essential  oil  to  the  synthesis  of  other  metablites. 

Introduction 

Interaction  between  cells  and  extraneously  applied  electromagnetic  fields  (EMFs)  have  been  investigated 
over  last  years  and  many  of  them  have  focused  on  their  influence  on  the  growth  of  organism  (Hirano  et  al., 
1998;  Davis  1996).  However,  investigations,  dealing  with  effect  of  EMF  on  the  performance  are  scarce  and 
the  possible  mechanism  of  he  effects  of  electromagnetic  fields  on  the  cells  are  yet  to  be  elucidated 
(Panagopoulos  et  al.  2002). 

According  to  a  simple  hypothesis  an  oscillating,  external  electric  field,  by  exerting  an  oscillating  force  on 
the  free  ions  on  both  sides  of  the  cell  membranes  can  give  a  false  signal  for  gating  channels  that  leads  in 
turn  to  disordering  the  membrane  and  therefore  the  whole  cell  function  (Panagopoulos  et  al.  2002).  Any 
slight  membrane  structure  disturbance  could  potentially  lead  to  detectable  physiological  and  biochemical 
effect.  In  plants  it  has  been  shown  that  exposure  to  EMF  can  alter  the  metabolism  of  certain  amino  acids 
e.g.,  asparagines,  glutamine,  alanine  and  GABA  (Ben-Izak  Monselise  et  al.  2003). 

The  present  study  the  effect  of  EMF  on  the  growth,  the  quality  and  the  quantity  of  essential  oils  of  sweet 
basil  (Ocimum  basilicum),  a  plant  of  high  economic  value  was  studied. 

Seeds  of  sweet  basil  were  cultivated  in  a  soil  containing  sand-clay  and  humus  (2:1)  and  grown  at  27  ±  2  °C 
and  16  h  photoperiodic  with  a  photosynthetic  photon  flux  of  58  pmol  m'2  s'1  at  the  plant  level.  Micro-  and 
micronutrients  and  physical  parameters  of  the  soil  are  shown  in  Table  1. 

A  locally  designed  electromagnetic  wave  generator  capable  to  generate  different  wave  shape  including 
sinusoidal,  triangular  and  quadratic,  was  used.  This  system  could  generate  EMF  in  the  range  of  0.1  HZ-  10 
KHZ  with  a  continuous  fine  control  in  stable  conditions.  It  was  consisted  of  two  vertical  coils  each  28  turns 
of  0.3  mm  copper  wire  rounded  around  a  quadratic  frame  of  48  x  34  cm.  One  coil  oriented  in  vertical  plane 
(XOZ)  with  pointing  vector  in  horizontal  direction  (anti  parallel  with  the  gravity)  while  the  other  coil 
oriented  in  horizontal  plane  (XOY)  with  pointing  vector  in  vertical  direction  (perpendicular  with  the 
gravity).  Impedance  of  each  coil  was  8  ohm.  The  maximum  consuming  power  of  the  system  was  9  watt 
controlled  by  a  fine  analog  controller.  The  calibration  of  system  was  performed  at  three  different  frequency 
(50,  300  and  1000  HZ)  in  the  center  of  the  chamber.  The  consuming  power  was  8  watt  at  lkHZ  in  which 
the  average  electric  and  magnetic  strength  were  96/3±  4.8(kV/m)  and  984±  43(mA/m),  respectively.  A 
digital  thermal  sensor  was  used  to  control  the  temperature  inside  the  chamber  during  the  exposure.  While 
the  sample  were  exposed  to  the  defined  EMF,  the  control  samples  were  placed  in  the  same  conditions  (i.e., 
the  same  temperature,  humidity  and  light  intensity),  but  far  enough  from  the  apparatus,  being  shielded  from 
possible  exposure.  The  plants  in  vegetative  growth  phase  were  discontinuously  exposed  to  the  aforesaid 
EMF  for  6  days,  each  5  hours.  After  the  period  of  exposure,  plants  were  gathered  and  kept  at  -80  °C  until 
used  for  biochemical  and  analysis.  The  rate  of  growth  as  well  as  the  ratio  of  fresh  weight  to  dry  weight  of 
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the  samples  before  and  after  the  treatment  were  measured  (Table  2).  Statistical  analysis  was  done  by  SPSS 
and  t-test  and  the  differences  were  considered  significant  at  the  level  of  p<0.05. 

Polyphenol  oxidase  (PPO)  was  extracted  from  homogenized  cells  in  freshly  prepared  100  mM  Na- 
phosphate  buffer  (pH  6.8)  followed  by  centrifugation  at  15,000  x  g  for  20  min  (Kahn  1975).  Aliquots  of 
supernatant  were  added  to  100  nM  Na-phosphate  buffer  (pH  6.5)  and  freshly  prepared  4-methylcatecol  at  a 
final  concentration  of  0.02  M.  The  increase  in  absorbance  at  410  nm  per  min  per  mg  protein  content  of  the 
homogenate  was  the  expression  of  Enzyme  activity. 

The  essential  oils  were  extracted  from  50  g  (dry  weight)  of  shoot  samples  by  steam-distillation  for  3h  using 
a  Clevenger  type  apparatus  and  were  analyzed  by  GC  and  GC-MS. 

Analytical  gas  chromatography  was  carried  out  in  a  GC-9A  (Shimadzu,  Tokyo,  Japan)  equipped  with  a 
DB-5  fused  silica  column  (30  mx0.25  mm,  film  thickness  0.25  pm,  J  &  W  scientific  corporation).  Oven 
temperature  was  held  at  60  °C  for  5  minute  and  then  programmed  to  210  °C  at  a  rate  of  3  °C/min.  Injector 
and  detector  (FID)  temperature  were  270  °C;  helium  was  used  as  carrier  gas  with  a  linear  velocity  of  32 
cm/s.  Percentages  were  calculated  by  area  normalization  method  without  the  use  of  response  factor 
correction.  The  retention  indices  were  calculated  for  all  compounds  using  a  homologous  series  of  n- 
alkanes. 

GC-MS  analysis  was  carried  out  on  a  GC-MS  system  (Varian  3400,  USA)  equipped  with  a  DB-5  fused 
silica  column  (30  m  x  0.25  mm,  film  thickness  0.25  pm,  J  &  W  scientific  corporation);  Oven  temperature 
program  was  50  °  -  60  °C  at  a  rate  of  3  °C/min.  Transfer  line  temperature  270  °C,  carrier  gas  helium  with  a 
linear  velocity  of  31.5  cm/s,  split  ratio  1/60,  ionizing  energy  70  ev,  scan  time  1  sec,  mass  range  40-300 
amu. 

The  constituents  were  identified  by  comparison  of  their  mass  spectra  with  those  in  a  computer  library 
(LIBR-TR  and  Wiley5  lib.)  or  with  authentic  compounds.  The  identifications  were  confirmed  by 
comparison  of  their  Retention  indices  in  table  3,  either  with  those  of  authentic  compounds  or  with  data  in 
the  literature. 

The  result  showed  that  the  growth  of  the  plants  treated  with  EMF  was  decreased  compared  to  that  of  the 
control  group,  whereas  the  ratio  of  fresh  weight  to  dry  weight  of  increased  with  EMF-exposed  plants  were 
higher  than  those  of  the  control  ones  (Table  2). 

There  activity  of  PPO  of  EMF-exposed  plants  was  also  significantly  higher  than  that  of  the  control  plants 
(Fig.  1). 

In  comparison  to  control  plants,  the  amount  of  the  total  volatiles  of  EMF-exposed  plants  was  reduced.  The 
major  components  of  the  essential  oils  of  both  control  and  EMF-treated  plants  were  methylchavicol,  nerol 
and  geraniol,  however  the  amount  of  methylchavicol  was  significantly  enhanced  by  exposing  to  EMF 
(Table  3). 

Tablel.  Characteristics  of  the  soil  in  which  the  plants  were  cultivated. 


Soil  parameters  a 

pH 

EC(dsm_1) 

%O.C  %Total  N  P(ppm)  K(ppm)  Mn(mg/kg) 

Fe( mg/kg)  Cu( mg/kg) 

Zn(mg/kg) 

7.6 

4.85 

1.79  0.153  52.4  670  13 

12.4  0.94 

3 

Table  2.  Effect  of  EMF  on  the  growth  and  water  content  of  Ocimum  basilicum 


Ctrl 

EMF 

Net  Growth  (mm) 

77.0±0.05 

45.0  ±0.1 

FW/DW 

13.7±0.01 

14.3±0.03* 

Data  are  means  of  three  independent  experiments  in  triplicate  ±  SD,  n=3.  Asterisk  refer  to  as  statistically 
significant  difference  at  the  level  of  p<0.05,  by  Student  t.Test. 
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Table  3.  Percentage  of  volatile  compounds  identified  in  the  oil  of  Ocimum  basilicum  before  and  after 
treatment  with  EMF 


Compound 

Control  plants 

%Eos 

EMF-exposed  plants 

a-pinene 

0.23 

0.33 

myrcene 

0.37 

0.40 

a-phellandrene 

0.15 

0.30 

a-terpinene 

0.11 

0.23 

limonene 

trace 

0.23 

(E)-  p-ocimene 

0.44 

0.45 

trance  linalool  oxide 

trace 

- 

(E)-  p-ocimene 

0.82 

0.98 

linalool 

0.20 

0.36 

neo-allo-ocimene 

0.20 

0.17 

cis-menth-2-en- 1  -ol 

0.37 

0.45 

borneol 

0.32 

0.43 

methyl  chavicol 

34.06 

42.25 

neral 

0.16 

- 

nerol 

28.80 

19.03 

geraniol 

27.79 

24.53 

a-copaene 

0.21 

- 

P-cubebene 

0.29 

0.66 

P-caryophyllene 

2.42 

1.89 

P-sesquiphellandrene 

0.82 

- 

a-humulene 

0.43 

1.76 

spathulenol 

1.88 

1.19 

caryophylleneoxide 

0.81 

0.28 

Retention  indices  on  DB-5  capillary  column  ,  t=  trace  (<  0.05%) 


PPO  Activity 


Fig  1.  Effect  of  electromagnetic  field  on  the 
activity  of  PPO  of  shoot  of  Ocimum 
basilicum.  Data  are  means  ±  SD,  n=  3,  signs 
with  different  letters  indicate  significant 
differences  at  p<0.05  according  to  t-Test. 
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Summary 

The  mechanism  of  the  effect  of  EMF  on  plant  metabolism  is  still  unclear.  However,  it  has  been  suggested 
that  the  production  or  enhancement  of  free  radicals  (Scott,  1993)  and  ferrous  ions  (Miyakoshi,  2005),  ion 
change  and  mass  resonance  are  involved  in  the  adverse  effects  of  EMF  on  the  growth  and  metabolism  of 
plants. 

Decrease  of  growth  can  be  resulted  from  damage  DNA,  proteins,  cellular  membranes  and  mutiple  genes 
(Da  Silva  et  ah,  2000;  Sahebjamie  et  al.  2006). 

Polyphenol  oxidase  is  responsible  for  tissue  browning  of  raw  fruits  and  vegetables  (Mathew  &  Parpia 
1971),  which  has  been  found  in  most  higher  plants.  PPO  is  a  bifunctional  enzyme  that  hydroxylates 
monophenols  to  O-diphenols,  the  only  specific  reaction  catalysed  by  this  enzyme  (cresolase  or 
monophenolase)  and  also  oxidizes  self  generated  O-diphenols  to  the  corresponding  o-quinon  (catecholase 
or  diphenolase)  (Gowda  &  Paul,  2002).  Most  phenolics  that  are  oxidized  by  PPO,  are  intermediates  or 
derivatives  of  the  shikmate  and  phenyl  propanoids  pathway.  In  the  present  study  the  increase  of  the  activity 
of  PPO  in  EMF-exposed  basils  was  not  accompanied  by  an  increased  production  of  essential  oils.  From  the 
results  presented  here  it  can  be  suggested  that  in  EMF-treated  plants  the  activity  of  PPO  shifted  from 
producing  essential  oil  to  the  synthesis  of  other  metabolites  like  quinines.  Interestingly,  despite  to  the 
reduction  of  the  of  total  essential  oil  content  in  EMF-treated  plants,  the  amount  of  methyl  chavicol,  a  main 
medicinal  volatile  of  basil  increased  by  EMF.  Taking  all  together,  the  results  presented  by  this  study 
suggest  that  EMF  can  be  applied  as  a  useful  tool  to  manipulate  the  metabolism  of  medicinal  plants  in  order 
to  obtain  more  desired  components. 
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Abstract 


It  is  found  that  reasons  for  a  poor  replicability  of  the  nonthermal  bioeffects  of  electromagnetic  fields  of  the 
extremely  low  frequency  (50-60Hz)  have  the  fundamental  basis,  revealed  by  the  thermodynamic  theory  of 
systems  under  the  Rayleigh-Jeans  radiation.  It  is  shown  the  difference  between  the  Rayleigh-Jeans  region  and 
the  Wien  region  of  electromagnetic  radiation  from  the  viewpoint  of  energy  conversion.  The  rules  and 
conditions  of  the  good  replicability  of  medical  and  biological  experimental  results  are  formulated. 


1.  Introduction 


The  discussion  of  the  electromagnetic  fields  of  extremely  low  frequency  (50-60  Hz)  effects  on  health  had 
began  in  1979  with  the  report  by  Wertheimer  and  Leeper  [1],  who  noted  that  the  incidence  of  cancer  was  much 
more  in  children  living  in  houses  where  electromagnetic  fields  exposure  was  presumed  to  be  higher  than  usual. 
This  report  has  given  rise  to  important  problem  because  the  exposure  of  increasingly  larger  human  populations 
to  higher  mean  levels  of  extremely  low  frequency  electromagnetic  fields  is  an  outcome  of  the  electrification  of 
residential  and  commercial  buildings,  particularly  in  the  well-developed  countries  of  the  world.  The  intensity  of 
these  man-made  fields  is  substantially  more  than  the  ambient  nature  electric  and  magnetic  fields.  Later  many 
epidemiological  studies  have  been  published  concerning  the  effects  of  electromagnetic  fields  on  health,  mainly 
on  possible  carcinogenic  effects.  One  part  reported  presence  of  an  association  between  field  exposure  and 
human  cancer  (leukemia),  brain  tumor  and  breast  cancer  [2,3],  but  the  second  part  had  not  found  this 
association.  The  experimental  researches  both  in  vitro  and  in  vivo  in  this  sphere  were  conflicting  too.  And  may 
be,  that  the  findings  of  effects  absence  are  more  frequent  [4].  So  great  length  of  this  discussion  shows  the 
complication  and  importance  of  the  problem.  Prof.  R.  Reiter  called  this  situation  the  Cheshire  cat  phenomenon 
[5], 

Similar  situation  was  presented  in  [6]  and  is  connected  with  bioeffects  under  microwave  radiation.  To  be 
more  specific,  we  can  say  with  reasonable  confidence  that  in  the  present-day  a  matter  of  microwave  region  is 
more  dramatic,  as  the  some  scientists  do  not  study  the  nonthermal  bioeffects  since  they  are  sure  that  they  do  not 
exist,  while  the  others  (Russian)  scientists  cure  many  illnesses  (cancer  etc)  on  these  effects  basis. 

This  conflicting  situation  may  be  changed  for  the  better,  if  the  experimentalists  use  the  advances  in  the 
nonequilibrium  thermodynamics  of  systems  under  electromagnetic  radiation  [7].  This  theory  shows  that  the 
large  field  of  phenomena  which  were  before  considered  as  independent  ones,  follows  a  general  law  of 
nonequilibrium  thermodynamics.  This  law  governs  the  phenomena  of  conversion  of  electromagnetic  radiation 
energy  into  electrical  work,  chemical  bonds  energy  and  luminescence.  It  is  valid  for  living  and  inorganic 
systems.  The  qualitative  and  quantitative  validity  of  this  theory  was  tested  in  solar  cells  and  it  allowed  to 
calculate  the  dependence  of  entropy  generation  rate  on  absorbed  power  of  radiation  due  to  the  irreversibility  of  a 
process.  This  theory  is  useful  in  understanding  the  various  aspects  of  human  vision,  protozoa  photomovement, 
photosynthesis  of  plants,  nonthermal  bioeffects  of  radiofrequency  radiation  and  other  processes.  The  aim  of  this 
paper  is  to  show  the  reasons  of  the  Cheshire  cat  phenomenon  existence. 
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2.  The  thermodynamic  law  of  the  isothermal  processes  under  electromagnetic  radiation 


As  it  is  known  [8],  the  efficiency  rj  of  the  isothermal  conversion  of  electromagnetic  energy  into 
Helmholtz  free  energy  F  in  open  thermodynamic  systems  is  defined  as 

r|=AF/AWa  (1) 

where  AF  is  the  change  of  the  Helmholtz  free  energy  of  the  products  at  the  outlet  from  the  system  in  relation 
to  Helmholtz  free  energy  of  the  reactants  at  the  inlet  of  the  open  thermodynamic  system  and  AWa  is  the 
electromagnetic  radiation  energy,  absorbed  by  the  system.  If  AF  >  0,  we  have  the  endergonic  process  and  if 
AF  <  0,  we  have  the  exergonic  process. 

In  line  with  the  first  and  second  laws  of  nonequilibrium  thermodynamics  for  the  steady  state  of  a  system  we 
have  the  relation  [7] 


11  =  1  -T  (  Sa  +  Si  )/Wa  (2) 

•  • 

where  T  is  the  temperature  of  the  system,  W  a  is  the  absorbed  power,  S  a  is  the  flux  of  entropy  of 

electromagnetic  radiation  absorbed  by  the  system,  S  \  is  the  entropy  generation  rate  as  a  result  of  the 
thermodynamic  irreversibility  of  the  process. 

Usually  in  work  concerning  isothermal  process,  the  thermodynamic  method  is  used  to  analyse  only  the 
limiting  efficiency  11*  obtained  from  Eq.  (2)  under  assumption  of  thermodynamic  reversibility  of  the 

process,  i.e.  with  the  condition  S  ;  =  0  [9].  Then 

T]  *  =  1  -  T  5  a  /W  a  (3) 

We  can  find  11*  for  nonequilibrium  electromagnetic  radiation  with  arbitrary  spectral  characteristics,  using 
follow  equations 

W  a  =  I  Evdv  (4) 

S  a  =  27tkc'2 1  v2  [( 1+p)  ln(  1+p)  -  p  lnpjdv  (5) 

p  =  c2  Ev/27thv3  (6) 

where  k  is  the  Boltzmann  constant,  h  is  the  Planck  constant,  c  is  the  speed  of  light,  v  and  Ev  are  the 
frequency  and  the  spectral  density  of  absorbed  radiation  power  respectively. 

The  analyse  of  Eq.  (3)  with  Eqs.  (4  -  6)  shows  that  there  are  two  regions  of  energy  conversion,  where  the 

• 

dependence  of  the  T|  *  on  absorbed  power  W  a  is  quite  different  because  of  the  p  may  be  both  more  and  less 
than  unity  [6,  10]. 

For  the  p  »  1  we  have 


S  a  =  27t:kc'2J  ( 1  +  lnp)  v2  dv  (7) 
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and  for  p  «  1 


S  a  =  27tkc''  I  p  (1  -  lnp)  v2  dv  (8) 

The  region,  which  corresponds  to  the  p  «  1,  is  the  Wien  region  and  the  other  one,  which  corresponds  to  the  p 
»  1,  is  the  Rayleigh- Jeans  region.  These  regions  are  known  to  experimentalists  as  the  regions,  where  hv  » 
kT  (the  Wien  region)  and  hv  «  kT  (the  Rayleigh- Jeans  region).  It  should  be  substituted  the  corresponding 
values  in  to  Eq.  (6)  to  be  certain  that  is  the  case. 


— T - I - , - - r1 - , - r-< 

-40  -30  -20  -10 


Fig.  1.  Dependence  of  limit  efficiency  p*  on  logarithm  of  absorbed  power  spectral  density  Ev  for  the  Wien 
region  (solid  line)  and  for  the  Rayleigh- Jeans  region  (dotted  line).  Ev  is  measured  in  J/cm2. 


The  upper  limit  of  the  q*  is  equal  to  1  in  both  the  Wien  region  and  the  Rayleigh-Jeans  one,  but  the 
dependence  q*  on  absorbed  power  (or  the  spectral  density  Ev  )  is  different.  It  is  slow  in  the  Wien  region, 

• 

where  the  limit  efficiency  and  absorbed  power  W  a  (or  Ev  )  have  the  logarithmic  relationship.  The  dependence 
q*  on  Ev  in  semilogarithmic  coordinates  is  the  straight  line,  and  the  interval  of  Ev  _  where  the  q*  takes  the 
values  from  zero  to  unity,  is  very  large  (solid  line  in  Fig.  1).  In  the  Rayleigh-Jeans  region  the  q*  dependence 

• 

on  the  absorbed  power  JFa  (or  Ev  )  is  very  strong  until  it  flattens  out  on  a  plateau,  where  q*  =  1.  The 
thermodynamic  limit  efficiency  varies  from  0  to  0.9  with  a  tenfold  increase  in  Ev  (dotted  curve  in  Fig.  1).  Both 
these  curves  have  the  point,  where  q*  =  0  and  exergonic  process  is  balanced  out  by  endergonic  one.  The 
geometry  place  of  these  points  is  defined  by  [10] 

c2Ev°  =  27t:kTv2  [(1  +  p0)  In  (1  +  p0)  -  p0  lnp0]  (9) 

where  the  Ev°  is  the  spectral  density  of  absorbed  radiation  and  the  po  is  the  function  of  distribution  at  the  point 
q*=  0.  But  the  thermodynamic  limit  efficiency  is  of  no  interest  for  experimentalists. 

The  real  efficiency  q  of  irreversible  process  may  be  of  interest  to  them.  It  is  known  that  the  entropy 

• 

generation  rate  S  \  rises  at  first  linearly  [7,  11] 

S  t  =  a  W  a  (10) 
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where  a  is  constant.  One  should  take  into  account,  the  linear  changing  of  the  entropy  generation  rate  does  not 
change  the  form  of  r|*  dependence  on  Ev  ,  but  leads  to  a  parallel  shift  of  the  whole  curve  of  r|*  along  the 
logarithm  absorbed  power  axis  in  the  Rayleigh- Jeans  region  and  along  the  q  axis  in  the  Wien  region  [6].  This 
shift  changes  the  position  of  the  endergonic  and  exergonic  compensation  point. 

Allowance  for  nonlinear  irreversibility  of  real  process  leads  to  a  decrease  of  r|  sometimes  up  to  zero  in 
both  regions  [11]. 


Fig.  2  .  Position  of  isothermal,  nonthermal  and  thermal  process  in  the  line  of  logarithm  of  absorbed  power 
(Rayleigh- Jeans  region). 


In  the  final  analysis  the  r)  dependence  on  the  absorbed  power  is  complicate.  Fig.2  gives  it  over  a  wide  range 
of  the  absorbed  power  for  the  Rayleigh-Jeans  region.  Fig.2  shows  different  processes  (isothermal  exergonic 
process,  isothermal  endergonic  one,  nonthermal  endergonic  one,  thermal  one)  and  different  dependences 
(increase,  decrease  and  the  lack  of  any  dependence).  As  is  known  from  experiment  [12]  the  interval  of 
endergonic  process  may  be  small  (power  windowing).  Fig.  2  demonstrates  the  very  complicate  situation  for 
bioeffect  study  in  the  Rayleigh-Jeans  region. 

The  analyse  of  experimental  results  on  bioeffects  of  extremely  low  frequency  electromagnetic  fields  shows 
that  experimentalists  study  the  different  ranges  of  the  exciting  power,  and  this  is  true  that  they  have  the  different 
results,  including  the  absence  of  any  effects  [4].  The  up-to-date  experimental  results  will  allow  in  the  future  to 
define  the  boundary  of  different  processes  under  the  Rayleigh-Jeans  radiation  in  different  living  systems.  Then 
the  general  situation  will  be  not  like  the  Cheshire  cat. 


3.  The  influence  of  individual  properties  of  subjects 


The  Rayleigh-Jeans  region  has  many  differences  from  the  Wien  one,  sending  the  experimentalists  in  search 
of  a  new  apparatus  for  the  experiments.  But  they  must  search  the  new  methods  of  research  too,  if  they  want  to 
have  the  good  replicability  of  the  results.  The  fact  is  that  the  role  of  individual  properties  of  living  subject  is 
different  in  the  Wien  and  in  the  Rayleigh-Jeans  regions. 

• 

The  indicator  of  individual  properties  is  the  entropy  generation  rate  0  S  ,  at  the  point  of  endergonic  and 
exergonic  processes  balance  in  the  real  experiments.  This  point  is  very  known  in  photosynthesis  of  green  leaves 
and  is  called  a  compensation  point.  It  is  studying  for  human  vision  processes  too.  The  experimental  results  for 

• 

this  point  allows  to  calculate  the  entropy  generation  rate  0  S  ;  at  this  point.  In  the  null  point  of  the  real  process 
the  dissipative  term  is  equal  to  the  thermodynamic  limit  efficiency 

1  -  T  °Sa  !°W  a  =  T  °Si  /  Va  (11) 
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and  the  value  of  0  5*  i  may  be  calculated.  The  entropy  generation  rate  "  S  ;  is  own  characteristic  of  every 
individual  and  can  change  as  a  function  of  internal  conditions,  for  example  as  age.  For  the  group  of  individuals 
with  different  °Sj  there  are  the  family  of  curves  r|  =  rj  (Ev).  In  Wien  region  (Fig.  3a)  this  family  permits  to  find 
the  average  value  of  endergonic  effect  in  ensemble.  In  Rayleigh-Jeans  region  the  situation  is  more  complicate 
(Fig.  3b).  Averaging  over  the  ensemble  gives  the  zero  result  as  a  rule  because  of  the  endergonic  and  exergonic 
processes  are  the  opposite  ones,  and  averaging  over  the  small  group  gives  the  chance  result.  This  is  (and  will  be 
always)  the  reason  of  poor  replicability  of  the  experimental  results  in  conditions  of  low-level  of  excitation. 
Knowledge  of  thermodynamic  theory  allows  to  reduce  the  extent  of  poor  replicability. 


logarithm  of  power 


Fig.  3.  The  different  role  of  the  number  of  objects  in  experiment  under  the  Wien  (a)  and  the  Rayleigh-Jeans 
radiation  (b). 


The  phenomenon  of  poor  replicability  near  the  boundary  of  endergonic  and  exergonic  processes  depends  on 
the  sharpness  of  r|  =  r)  (Ev)  dependence.  This  phenomenon  is  small  in  Wien  region  and  would  be  taken  into 
account  by  Gauss  distribution  (the  inset  in  right  part  of  Fig.  3a).  This  factor  is  great  in  Rayleigh-Jeans  region. 
In  this  region  the  individual  properties  of  subject  are  the  main  ones. 

I  think  that  the  up-to-date  figurative  popular  expression  “the  Cheshire  cat  phenomenon”  may  be  in  the  future 
the  strict  scientific  term,  indicating  that  the  experimentalist  studies  the  initial  stage  of  endergonic  effect  under 
Rayleigh-Jeans  radiation  without  the  selection  of  endergonic  and  exergonic  processes.  The  selection  of  these 
processes  allows  to  save  from  the  Cheshire  cat  phenomenon. 

4.  Conclusion 

Key  features  of  energy  conversion  in  Rayleigh-Jeans  region  are  sharp  dependence  of  efficiency  on  power  and 
sharp  change-over  from  exergonic  process  to  endergonic  one.  On  the  basis  of  the  thermodynamic  theory  it  is 
thought  that  the  Cheshire  cat  phenomenon  will  be  seen  in  pilot  studies  of  bioeffects  under  other  frequencies  of 
Rayleigh-Jeans  region  and  will  cloud  the  work  of  experimentalists.  However  the  study  of  nonequilibrium 
thermodynamics  allows  them  to  understand  the  situation  and  reduce  to  zero  (or  minimum)  the  Cheshire  cat 
phenomenon.  May  be,  that  the  experimentalists,  who  works  in  the  sphere  of  extremely  low  frequency,  will  be 
more  well  than  the  researchers  of  microwaves,  where  the  microbiological  researches  are  necessarily  associated 
with  the  ensemble  averaging.  In  such  experiment  only  the  experimentalist  of  extra  class  can  see  the  effect. 

As  known,  there  is  the  melatonin  synthesis  reaction,  which  is  the  very  good  object  for  study.  It  enables  to 
clear  the  influence  of  electromagnetic  fields  on  the  processes  in  animals  and  human.  Melatonin  synthesis  will  be 
used  as  a  promoter  in  solution  of  discussed  problem  [13]. 
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Abstract 

It  is  very  important  to  understand  whether  the  electric  and  magnetic  fields  generated  by  video  display 
terminals  (VDT)  are  capable  to  influence  on  the  living  organisms.  The  effect  of  VDT  (17"  computer  monitor 
with  cathode-ray  tube)  was  studied  on  viability  of  S.  cerevisiae  cells,  which  is  the  model  organism  for  studying 
of  eukaryotes.  The  capacity  of  electric  field  at  the  4  cm  distance  to  the  display  was  6.4±3.57  V/m,  4.8±2.04  V/m 
at  30-40  cm,  0.1±0.02  V/m  at  100  cm,  and  zero  at  200  cm.  Experimental  samples  were  settled  on  the  distance  4, 
40  and  250  cm  opposite  to  the  central  point  of  the  monitor.  Some  samples  were  additionally  treated  with 
nystatin  (20  pg/106  cells)  just  after  exposure.  Viability  was  determined  by  the  colony  forming  units. 

Exposure  of  the  yeast  cells  to  the  VDT  radiation  only  did  not  change  their  viability.  Same  time  exposed 
cells  showed  much  grater  sensitivity  to  the  nystatin  than  the  control  ones.  Effect  depended  on  the  distance  to  the 
computer  monitor  and  the  time  of  exposure. 

These  results  suggests  that  physical  factors  of  VDT  cause  some  changes  in  the  yeast  cells,  which 
reduce  their  viability  at  the  presence  of  the  strong  stress  factors,  such  as  nystatin. 

Introduction 

The  problem  of  an  overload  of  environment  with  anthropogenic  electromagnetic  fields  (EMFs)  grows 
together  with  development  of  scientific  and  technical  progress  and  introduction  of  the  newest  electrical 
engineering  devices.  Anthropogenic  EMFs,  changing  a  natural  electromagnetic  background,  can  result  in  the 
origin  of  a  number  of  disturbances  at  cellular,  subcellular  and  molecular  levels  that  reflects  in  the  different 
diseases  (cancers  tumors,  leukemia,  dermatitises,  mental  decline,  and  so  on)  [4,  16].  Researches  in  this  field 
carried  out  in  the  different  laboratories  of  the  world  behind  several  directions  depending  on  the  frequency 
characteristics  of  EMFs.  Special  attention  given  to  influence  on  the  user  of  radiation  emitted  from  video  display 
terminals  (in  particular  monitors  of  computers  and  TV  sets)  [3,  12].  Except  for  a  mental  fatigue,  aggression  and 
depression  [16],  work  with  video  display  terminals  (VDT)  influences  a  physiologic  state  of  the  user’s  organism 
changing  frequency  of  heart  rhythms,  reducing  concentration  of  melatonin  in  saliva  and  increasing  maintenance 
in  urine  of  8-hydroxydeoxyguanosine,  and  also  the  number  of  leucocytes  multiplying  in  a  blood  [7,  9,  14].  For 
today,  VDT  is  possible  to  consider  as  a  risk  factor,  which  increases  probability  of  origin  of  disease  of  skeletal- 
muscular  and  visual  systems  [13],  skin  [2,  10,  15]  and  reproductive  system  [11,  12].  In  the  publications,  which 
generalize  the  new  data  on  EMFs  effects,  absence  of  unique  mind  is  marked  in  relation  to  the  mechanisms  of 
EMFs  action  on  living  objects.  This  results  in  the  constant  revision  and  perfection  of  the  already  established 
norms  of  allowable  radiation  on  the  living  organism  [8]. 

The  situation  arisen  in  the  given  direction  of  researches  closely  linked  to  absence  of  the  biological 
system-indicator  adequate  to  revealing  of  harmful  effect  of  VDT  on  an  organism.  Multicellular  organisms, 
because  of  complexity  of  their  structure,  not  are  able  to  be  the  sensors  of  EMFs  action  that  is  why  attention  of 
scientists  aimed  on  the  use  as  biosensors  of  separate  cultures  of  human  cells  [6]  or  most  studied  microorganisms 
[1].  Microscopic  biological  objects  are  more  conservative  in  the  reactions  to  action  of  any  factor,  and  that  is  why 
can  be  used  as  indicators  of  the  negative/positive  influence  of  EMFs.  There  are  some  rather  simple  and 
convenient  microscopic  modeling  systems  for  research  of  various  processes  occurring  in  the  eukaryotic  cells,  in 
particular  cells  of  yeast  Saccharomyces  cerevisiae  and  Schizosaccharomyces  pombe  [5]. 

Studying  of  EMFs  effects  with  eukaryotic  modeling  microorganisms  will  allow  to  use  them  as 
sensory/indicators  systems  for  analysis  of  the  radiation  effects  from  different  household  devices  (computers, 
mobile  phones,  the  microwave-ovens,  and  so  on)  and  accordingly  to  prevent  originating  the  majority  of  the 
problems  linked  to  the  action  of  EMFs  on  the  living  organism. 

The  purpose  of  work  was  studying  the  reaction  of  the  yeast  Saccharomyces  cerevisiae  cells  on  the 
influence  of  emission  of  video  display  terminals. 
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Materials  and  methods. 

Yeast  Saccharomyces  cerevisiae  Y-517  from  Ukrainian  collection  of  microorganism  at  the  Institute  of 
Microbiology  and  Virology  of  NAS  of  Ukraine  were  used  for  studying.  The  culture  of  yeasts  was  preliminary 
cultivated  on  agar  medium  at  28  °C  during  24  h,  and  then  washed  off  with  sterile  distilled  water,  filtered  through 
cotton  wool  for  the  separation  of  pieces  of  medium  and  diluted  to  109  cells/ml  (OD540  =  0,75).  Cells  were  held  in 
the  distilled  water  in  order  to  stop  the  process  of  division  and  accordingly  to  provide  the  condition  of  the  work 
with  the  same  organisms.  The  optical  density  of  cell  suspension  measured  on  a  wavelength  540±10nm  in  a 
cuvette  with  optical  way  3  mm. 

Received  cell  suspension  divided  in  equal  amounts  (5  ml)  into  the  20  ml  glass  vials.  The  vials  placed 
(a)  in  metallic  boxes  -  for  shielding  of  EMFs  and  (b)  simply  in  glass  vial  -  for  shielding  of  UV-radiation  only. 

The  source  of  the  electromagnetic  fields  was  17"-monitor  with  the  cathode-ray  tube  SAMTRON  75E. 
The  monitor  was  disposed  on  a  wooden-table  on  42  cm  higher  than  system  block.  The  screen  of  monitor  was 
white-color  with  maximal  brightness  and  contrast.  For  studying  the  influence  of  physical  factors  generated  by 
VDT  on  the  yeast  cells,  the  diagrams  of  electromagnetic  emission  from  the  computer  monitor  were  analyzed. 
Measurements  carried  out  with  a  dosimeter  of  intensity  of  an  electromagnetic  field  -  NFM  1,  in  a  range  60  kHz 
-  350  MHz.  The  readings  were  taken  at  4,  40,  100  and  250  cm  from  a  surface  of  the  screen  and  walls  of 
monitors.  The  exposed  samples  placed  on  distance  4,  40  and  250  cm  to  the  center  of  monitor.  Irradiation  carried 
out  at  the  room  temperature  of  24.5±0.5  °C  and  day  light  during  maximum  24  h.  Cell  suspension  periodically 
mixed. 

Viability  of  the  exposed  and  unexposed  yeasts  cells  was  determined  by  the  colony  forming  units  in 
absence  and  in  presence  of  the  fungicidal  antibiotic  nystatin.  Nystatin  (2-3  mg)  was  dissolved  in  1  ml  of 
dimethylis  sulfoxidum  and  sterile  distilled  water  added  to  the  necessary  volume  to  receive  final  concentration  of 
20  pg  of  nystatin  in  1  ml  of  solution.  This  solution  used  for  further  researches. 

Initially  and  after  3,  6  and  24  hours  yeasts  cells  from  each  vial  used  for  determination  of  viability  and 
sensitivity  to  the  fungicidal  antibiotic  nystatin.  For  this  purpose  0. 1  ml  of  cells  added  to  9.9  ml  of  the  sterile 
distilled  water  or  to  9.9  ml  of  water  containing  20  pg/ml  of  nystatin  getting  the  concentration  of  106  cells/ml  and 
mixed  it  during  10  min.  After  that,  the  series  of  dilutions  was  done  and  concentrations  1 0  and  102  cells/ml 
received.  From  these  solutions,  0.1  ml  added  to  the  Petri  dishes  with  agar  and  placed  in  a  thermostat  at  28  °C. 
The  colonies  counting  and  data  analyses  were  done  after  72  h. 

Results  and  discussion. 

Analysis  of  the  yeast  Saccharomyces  cerevisiae  viability  in  the  distilled  water  showed  that  cells  keep 
during  a  long  time  (more  than  24  hours)  in  a  wide  range  of  temperatures  (20  -  28  °C)  stable  physiologic  state. 
Necessary  to  notice,  that  the  opportunity  of  use  of  only  water  medium  without  admixtures  is  very  important  as, 
at  first,  simplifies  process  of  carrying  out  of  researches  and,  secondly,  minimizes  influence  of  additional 
physical  and  chemical  factors,  which  take  place  at  presence  in  medium  of  free  ions. 

As  well  as  in  previous  our  researches  [17,  18]  at  optimum  for  yeast  Saccharomyces  cerevisiae 
conditions  of  an  external  environment  (temperature,  pH,  and  so  on)  action  of  EMFs  generated  by  VDT  did  not 
reflect  on  standard  parameters  of  the  growth  processes.  Microscopy  also  has  not  given  an  opportunity  to  find 
any  differences  between  the  exposed  and  control  samples. 

Same  times  in  the  presence  of  the  strong  stress-factor,  such  as  fungicidal  antibiotic,  the  negative 
consequences  of  electromagnetic  emission  from  the  VDT  were  seen.  The  data  concerning  vitality  of 
Saccharomyces  cerevisiae  cells  at  the  presence  of  nystatin  shown  in  Table  1. 


Table  1.  Percent  of  viable  cells  of  Saccharomyces  cerevisiae  Y-517  in  the  presence  of  nystatin 
(20  pg/106  cells)  and  in  dependence  on  the  distance  to  the  monitor  and  time  of  exposure 

Values  are  the  mean±SD  from  the  minimum  three  separate  experiments. 


Time  of  an 
exposition,  h 

Distance  to  the  monitor,  cm 

The  control 

4 

40 

250 

0 

- 

- 

- 

28±9,9 

3 

4±2,8 

14,8±6,7 

25±9,9 

28±9,9 

6 

12±1,2 

42,5±5,3 

40±2,2 

55±7,3 

24 

29±29,7 

22±4,2 

45,5±3,5 

25±9,9 
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The  maximum  of  activity  of  an  antibiotic  and  accordingly  a  minimum  of  a  resistance  of  the  cells  were 
observed  at  minimal  (4  cm)  distance  from  the  center  of  the  monitor.  After  three  hours  nystatin  suppressed 
growth  of  70  %  of  cells  in  the  control,  and  in  the  exposed  samples  -  96  %,  85  %  and  75  %  accordingly  on  the 
distance  4,  40  and  250  cm.  After  6  and  24  hours  these  parameters  reduced  that,  probably,  testifies  to  increase  of 
stability  of  cells  to  action  of  the  external  stress-factors  of  the  physical  and  chemical  nature. 

It  is  necessary  to  note,  that  after  6  hours  in  control  samples  observed  substantial  increase  (on  20  %)  of 
viable  cells.  The  cause  of  such  phenomenon  can  be  in  change  of  some  properties  of  the  yeast  cells.  For  example, 
the  stay  of  living  organisms  in  the  distilled  water  results  in  decrease  of  permeability  of  cytoplasm  membranes 
and  cellular  walls  with  the  purpose  of  not  allow  an  efflux  of  the  intracellular  compounds.  It,  in  turn,  complicates 
process  of  penetration  and  probability  of  attachment  of  polyene  antibiotic  to  the  molecules  of  cytoplasm 
membranes. 

After  24  hours,  vitality  of  cells  in  the  controls  diminished  up  to  initial  parameters  while  in  the  exposed 
samples  remained  at  high  level.  This  can  testify  to  the  presence  of  differences  in  character  of  flowing  of 
intracellular  processes  in  the  exposed  and  unexposed  yeast  cells,  what  clearly  recognized  under  action  of  the 
strong  stress-factor  such  as  fungicidal  antibiotic. 


Table  2.  Doses  of  radiation  in  a  range  60  kHz  -  350  MHz  from  the  SAMTRON  75E  monitor  with 
cathode-ray  tube,  V/m 

Values  are  the  means. 


Distance  from 
VDT,  cm 

Screen 

Left  side 

Right  side 

Top  side 

Back  side 

4 

6,4 

15 

9 

3 

7 

40 

4,5 

2 

3 

3 

7 

100 

0,1 

0,5 

0,5 

0,5 

0,5 

250 

0 

0 

0 

0 

0 

The  ability  of  cells  to  survive  under  action  of  an  antibiotic  is  in  direct  dependence  on  the  distance  to  the 
display.  The  data  in  Table  2  present  doses  of  radiation  received  for  the  monitor  with  cathode-ray  tube 
SAMTRON  75E  used  during  experiments.  Seen,  that  the  intensity  of  EMFs  in  the  same  manner  significantly 
decreased  with  the  distance.  Both  these  facts  may  suggest  that  electric  fields  generated  by  VDT  may  play  a  key 
role  in  the  influence  on  the  biological  objects.  It  is  very  important  to  note  that  on  the  distances  of  200  and 
250  cm  from  the  screen  of  the  display  the  intensity  of  EMFs  in  the  range  60  kHz  -  350  MHz  are  equal  zero,  but 
biological  action  of  VDT  emission  still  obvious. 

Summary 

EMFs  generated  by  VDT  had  the  negative  influence  on  the  modeling  organism  Saccharomyces 
cerevisiae  that  especially  seen  in  the  presence  of  the  stress-factor  (antibiotic  nystatin).  Cells  of  .S',  cerevisiae  Y- 
517  provides  unique  tools  for  understanding  environmental  effects  on  cellular  systems  and  can  be  biological 
sensors  at  development  of  the  bioanalytical  systems  for  analyses  of  bioeffects  from  different  electromagnetic 
devises  such  as  computers,  TV  sets,  mobile  phones,  microwave  ovens  and  so  on. 

Other  microorganisms  may  also  be  sensible  to  the  action  of  the  electromagnetic  fields  generated  with 
different  laboratory  or  industrial  equipments.  Therefore,  during  work  with  microbiological  objects  it  is 
necessary  to  take  into  account  and  eliminate  the  possible  influencing  of  emissions  from  VDT  for  avoidance  of 
errors  at  the  estimation  of  results  of  researches  or  during  biotechnological  processes. 
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ABSTRACT 

The  controversy  over  the  safety  of  mobile  phones  and  their  base  stations  continues  despite  many  years 
of  study  into  the  non-thermal  interactions  of  radio  frequency  electromagnetic  fields  (RF-EMF)  with 
biological  tissue.  This  study  exposes  rat  mesenchymal  stem  cells  (MSC)  to  RF-EMF  in  a  Crawford 
TEM  cell  at  900MFlz.  A  robust  dosimetric  analysis  of  the  exposure  system  is  performed  to  determine 
the  configuration  which  will  optimise  system  efficiency,  minimise  heating  and  provide  the  most 
uniform  specific  absorption  rate  (SAR)  across  the  cell  monolayer.  Data  from  exposure  of  MSC  to 
continuous  wave,  GSM  and  intermittent  (5mins  on/  lOmins  off)  900MFlz  RF-EMF  is  presented.  SAR 
levels  are  all  below  the  2  W/kg  ICNIRP  guidelines  for  public  exposure.  Recruitment,  proliferation  and 
differentiation  of  MSC  are  measured  using  the  CFU-f  assay  under  osteogenic  (bone  stimulating) 
conditions.  No  effect  is  observed.  Additionally,  hydrogen  peroxide  is  used  as  a  model  of  oxidative 
stress  in  order  to  determine  if  GSM  900MFlz  RF-EMF  is  a  cofactor  in  stressing  cells.  Again,  no  effect 
is  observed  on  MSC  recruitment,  proliferation  or  differentiation  into  bone. 

INTRODUCTION 

There  is  continuing  widespread  debate  concerning  the  possible  biological  effects  of  radio  frequency 
electromagnetic  fields  (RF-EMF)  emitted  by  mobile  phones  [1].  In-vitro  studies  are  useful  because  they 
provide  a  simplified  biological  model  that  allows  the  exposure  parameters  to  be  more  precisely  defined 
and  controlled  compared  with  in-vivo  exposure.  This  paper  presents  dosimetric  analysis  of  a  Crawford 
TEM  cell  [2]  at  900MHz  using  finite  difference  time  domain  (FDTD)  modelling,  to  determine  the 
optimum  dish  separation  and  height  off  the  septum,  and  level  of  culture  medium  so  as  to  maximise  both 
the  power  deposited  and  its  uniformity  in  a  monolayer  of  mesenchymal  stem  cells  (MSC)  in  the  bottom 
of  each  culture  dish.  A  similar  system  has  previously  been  used  by  the  authors  to  expose  human 
leukocytes  in  suspension  [3],  Specific  absorption  rates  (SAR)  are  calculated  in  the  ~lmm  layer  of 
culture  medium  at  the  dish  bottom  using  both  in-house  [4]  and  commercial  SEMCAD  [5]  software, 
with  subsequent  experimentation  based  on  the  results  using  the  fibroblastic-colony  forming  units 
(CFU-f)  assay  to  quantify  any  effects  on  stem  cell  recruitment,  proliferation  and  differentiation. 

Exposures  using  continuous  wave  (CW),  GSM  type  bursts  and  intermittent  carrier  (5  mins  on  /  lOmins 
off)  were  performed  at  900MHz,  whilst  maintaining  a  constant  ambient  temperature  of  37°C.  In  order 
to  ascertain  if  such  non-thermal  RF-EMF  could  also  act  as  a  co-factor  in  causing  an  effect,  a  common 
in-vitro  model  of  oxidative  stress  was  used.  Hydrogen  peroxide  (H202)  is  an  oxidative  agent,  known  to 
cause  stress  to  cells,  and  a  concentration  of  this  was  added  to  the  cells,  sufficient  to  affect  them  with  no 
RF-EMF  applied  whilst  at  the  same  time  not  killing  them  all. 
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Materials  and  Methods 
RF  Equipment 

Briefly,  the  exposure  system  in  Fig.l  utilises  a  GSM  handset  in  engineering  test  mode  as  a  source, 
which  is  then  amplified  and  routed  through  a  travelling  wave  TEM  cell.  Environmental  control  is 
achieved  by  placing  the  TEM  cell  inside  an  incubator  which  maintains  95%  humidity,  37°C,  and  5% 
CO2,  and  real  time  thermal  monitoring  of  internal  TEM  cell  temperature  is  provided  by  a  fluoroptic 
thermometer.  To  expose  at  higher  SAR  values  non-thermally  the  system  needs  to  deliver  high 
efficiency,  measured  in  W/kg  per  W  of  input  power,  while  minimising  the  thermal  load.  Air  fans  are 
therefore  attached  to  the  TEM  cell  at  its  tapered  ends  to  increase  cooling.  A  second  identical  TEM  cell 
provides  sham  exposure  for  control  purposes. 


Power 


Figure  1:  Schematic  of  Exposure  system. 

Fibroblastic  Colony  Forming  Unit  Assay 

The  fibroblastic  colony  forming  unit  (CFU-f)  assay  is  a  cell  culture  model  which  uses  primary  bone 
marrow  seeded  at  low  density.  The  low  density  seeding  allows  the  cells  to  form  colonies  without 
contact  inhibition.  Each  colony  is  assumed  to  grow  in  isolation  from  the  others,  and  be  derived  from  a 
single  MSC,  and  the  number  of  colonies  is  a  measure  of  the  number  of  colony  forming  units  present  in 
the  original  bone  marrow  cell  suspension  therefore.  This  MSC  proliferates  and  differentiates 
depending  on  the  stimulus  [7]  which  can  be  chemical  or  physical.  The  colonies  are  then  sequentially 
stained  for  alkaline  phosphatase,  calcium  and  collagen,  which  are  all  markers  of  osteogenic 
differentiation. 

Primary  BMSC  were  extracted  from  the  femur  and  tibia  of  adult  Wistar  rats.  Bone  marrow  was 
extracted  using  the  method  published  in  [7].  Briefly,  the  leg  bones  were  removed  and  the  bone  marrow 
extracted  and  re-suspended  in  1ml  of  Dulbecco’s  Minimum  Essential  Medium  (DMEM)  to  create  a 
single  cell  suspension.  Cells  from  all  bones  were  then  pooled  and  10ml  supplemented  DMEM  per 
bone  was  added  to  create  primary  bone  marrow  suspension.  The  supplements  added  to  the  DMEM 
were  10%  Seram  Supreme,  1%  Ultraglutamine,  1%  Penicillin/Streptomycin  and  osteogenic  stimuli, 
50ug/ml  ascorbic  acid  and  10"8M  dexamethasone. 

The  primary  bone  marrow  suspension  was  used  to  seed  the  90mm  Petri  dishes  at  a  density  of  1.2  x  106 
cells,  in  10ml  supplemented  DMEM.  RF-EMF  exposure  was  for  five  3 -hour  periods  over  5 
consecutive  days,  after  which  the  medium  was  changed,  and  thereafter  twice  a  week.  Cells  were  then 
cultured  for  a  total  of  16  days,  after  which  the  plates  were  washed  in  PBS  and  fixed  with  cold  70% 
industrial  methylated  spirits  (IMS).  After  fixing,  they  were  immediately  histochemically  stained  for 
alkaline  phosphatase  (APase)  activity,  and  then  sequentially  for  calcium-positive,  collagen-positive  and 
total  colonies.  After  each  staining,  the  cultures  were  digitally  photographed  and  the  subsequent 
photographs  processed  to  allow  for  automatic  analysis.  The  images  were  then  analyzed  using 
Bioimage  “Intelligent  Quantifier”  image  analysis  software  [8].  The  software  counts  the  colony 
number  and  calculates  each  colony  area.  This  data  was  subsequently  analyzed  using  SPSS  for 
significance  testing  using  the  ANOVA  test  at  p  <  0.05. 
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As  a  result  of  the  dosimetric  analysis  (see  results  section),  the  required  medium  height  in  the  Petri 
dishes  had  to  be  10mm  (60ml  medium)  instead  of  the  standard  2-3mm  (10ml  medium).  However,  this 
amount  of  fluid  above  the  monolayer  hinders  the  gas  exchange  between  the  monolayer  and  atmosphere, 
causing  hypoxia  and  cell  death.  In  order  to  comply  with  the  dosimetric  analysis  therefore,  the  extra 
50ml  of  medium  was  added  for  the  duration  of  the  RF  exposure  and  the  hour-long  temperature 
equalization  pre-exposure  period.  Immediately  after  RF-EMF  exposure,  this  extra  medium  was  then 
removed  from  each  dish  and  stored  separately  at  4°C  overnight  until  the  next  exposure  the  following 
day,  when  it  was  returned  to  the  same  dish.  This  is  because  it  has  been  shown  that  non-adherent  cells 
in  the  medium  are  crucial  to  MSC  recruitment  and  proliferation  [7].  After  the  initial  five  days  exposure 
however,  this  extra  medium  was  no  longer  used.  To  control  for  the  effect  of  the  extra  medium,  a  set  of 
dishes  were  placed  outside  the  TEM  cells  with  10ml  of  medium,  in  contrast  to  the  dishes  inside  the 
exposed  and  sham  exposed  cells  which  contained  60ml. 

The  protocol  for  co-exposure  of  the  MSC  to  GSM  modulated  RF-EMF  and  H202  was  the  same  as  for 
exposure  to  RF-EMF  alone,  with  the  following  modifications.  A  third  control  group  was  added,  where 
MSC  were  exposed  to  H202  alone,  outside  of  the  TEM  cell,  and  a  concentration  of  10"5M  H202  was 
added  to  the  MSC  immediately  before  placing  them  in  the  TEM  cells. 


Results 

Dosimetric  analysis 

The  aim  of  the  dosimetry  analysis  was  to  optimise  the  system  to  give  high  SAR  efficiency  and 
uniformity.  The  use  of  both  in-house  and  commercially  available  SEMCAD  FDTD  code  provides 
valuable  control  data  for  accuracy  assessments,  and  also  expedites  analysis  since  the  in-house  code 
runs  on  a  Unix  super-cluster  rather  than  the  standard  Windows  PC,  which  our  version  of  SEMCAD  is 
configured  for  (although  a  Unix  version  is  available).  Uniformity  can  be  quantified  as  the  ratio  of 
standard  deviation  of  SAR  to  the  mean  (%SD),  and  is  calculated  for  the  bottom  layer  of  voxels  in  a 
dish.  Acceptable  uniformity  is  30%  SD  or  less  [6].  No  software  currently  available  can  realistically  grid 
to  the  micrometer  scale  (the  thickness  of  the  monolayer),  however  a  grid  size  as  small  as  0.3mm  is 
possible  with  reasonable  simulation  time  in  SEMCAD,  which  is  better  than  the  resolution  achieved 
using  physical  measurements.  It  is  assumed  for  the  purposes  of  dosimetry  that  the  SAR  in  this  bottom 
layer  of  voxels  is  representative  of  the  SAR  in  the  monolayer.  The  volume  of  medium  in  the  tissue 
culture  dish  affects  the  SAR  uniformity  and  efficiency,  as  does  its  distance  from  the  septum,  as  shown 
in  Fig. 2  for  IV  peak  excitation  of  the  TEM  cell.  Here  our  in-house  FDTD  code  has  been  used  to 
calculate  the  SAR  in  the  bottom  1mm  layer  of  medium  contained  within  a  90x1 8mm  circular  dish  with 
a  lid.  The  SAR  clearly  increases  with  medium  height  (h)  and  elevation  above  the  septum  (z),  with 
bigger  changes  observed  at  higher  medium  levels,  whereas  the  variation  of  uniformity  with  elevation 
converges  towards  a  standard  trend  as  the  medium  height  increases.  A  medium  level  of  h  =  10mm  was 
therefore  chosen,  at  z  =  5mm  off  the  septum.  A  smaller  elevation  of  z  =  1mm  would  have  provided  the 
best  uniformity  of  exposure,  but  with  a  reduced  mean  SAR.  However,  the  CFU-f  assay  requires 
medium  heights  of  3mm  or  less  in  order  to  allow  adequate  oxygen  diffusion  to  the  stem  cells.  This 
would  reduce  the  SAR  by  about  lOdB  and  degrade  the  uniformity,  so  the  medium  height  was 
temporarily  increased  to  10mm  for  the  duration  of  the  planned  exposure  (3  hours  plus  1  hour  warm  up 
time)  as  mentioned  previously. 
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(a) 


(b) 

Figure  2:  Variation  of  (a)  mean  SAR  and  (b)  SAR  uniformity  in  bottom  layer  of  culture  medium  as  a 
function  of  dish  elevation  (z)  for  various  medium  heights  (h). 


Figure  3:  Comparison  of  in-house  FDTD  code  and  SEMCAD.  Mean  SAR  for  the  whole  medium 
volume  varying  with  elevation  above  septum  (h=10mm). 


To  increase  the  number  of  samples  exposed  simultaneously,  two  dishes  were  used,  and  SEMCAD  was 
now  employed  to  further  refine  the  dosimetry  and  to  investigate  the  effect  of  separation  between  the 
dishes  on  SAR  and  uniformity.  As  seen  in  Fig.  3  our  in-house  and  SEMCAD  code  agree  reasonably 
well  for  a  control  example.  Fig. 4  shows  the  field  interacting  with  the  dishes  to  produce  both  dissimilar 
and  non-uniform  SAR  distributions  in  the  bottom  layers.  Increasing  the  separation  reduces  the  coupling 
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and  makes  the  distributions  more  alike,  but  edge  effects  from  the  tapered  ends  of  the  TEM  cell  begin  to 
influence  the  uniformity  at  the  furthest  separation.  The  best  uniformity  is  found  at  a  separation  of  s  = 
50mm,  where  the  mean  SAR’s  in  the  bottom  layers  and  their  %SD’s  are  similar,  which  allows  the 
dishes  to  be  treated  almost  identically.  The  CFU-f  assay  uses  imaging  software  to  analyse  the  colony 
formation  of  MSC,  which  excludes  the  outer  1mm  of  the  dish  bottom  as  the  imaging  process  produces 
artefacts  here.  If  this  area  is  not  taken  into  account  the  SAR  values  are  slightly  higher  than  those  in 
Fig. 4,  with  mean  =  2.61  mW/kg,  %SD  =  31.9%  for  dish  1  and  mean  =  2.58  mW/kg,  %SD  =  32.7%  for 
dish  2.  The  effective  SAR  efficiency  is  ~1.0  W/kg  per  Watt  of  TEM  cell  input  power. 


Figure  4:  Variation  of  mean  SAR  in  bottom  layer  of  medium  for  2  dishes  as  a  function  of  separation  (s) 
(h  =  10mm,  z  =  5mm),  with  example  SAR  contrast  plots  shown  at  s  =  10mm,  30mm  and  50mm. 

Biological  Results 

Having  determined  the  optimum  elevation,  medium  level  and  separation  for  the  two  dishes,  MSC  were 
then  exposed  to  900MHZ  CW,  GSM  and  intermittent  CW  (5mins  on/lOmins  off)  RF-EMF.  Averaged 
SAR  values  were  1.6  W/kg  for  CW,  1.6W/kg  for  GSM  and  0.9W/kg  during  the  on  period  for  the 
intermittent  exposure  (further  work  is  planned  with  a  higher  SAR  for  the  intermittent  exposure 
scheme).  After  consecutive  histochemical  staining  and  image  analysis,  colony  numbers  and  areas  were 
calculated,  and  are  shown  in  Figs. 5-7. 


Figure  5:  Colony  number  and  area  for  a  representative  CW  900MHz  RF-EMF  exposure,  (n  =  3  or  4) 
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Aik  Phos  Calcium  Collagen  Total  Aik  Phos  Calcium  Collagen  Total 


Figure  6:  Colony  number  and  area  for  a  representative  GSM  900MHz  RF-EMF  exposure  (n  =  4) 


Aik  Phos  Calcium  Collagen  Total  Aik  Phos  Calcium  Collagen  Total 


Figure  7:  Colony  number  and  area  for  a  representative  intermittent  900MFlz  RF-EMF  exposure  (n  =  4). 

Effect  of  simultaneous  oxidative  stressing  by  hydrogen  peroxide 

MSC  were  then  co-exposed  to  900MFlz  GSM  RF-EMF  at  an  averaged  SAR  of  1.6W/kg  and  to  10"5M 
H2O2  in  the  same  optimized  configuration,  and  the  results  are  shown  in  Fig.  8. 
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Figure  8:  Colony  number  and  area  for  a  representative  co-exposure  of  900MFlz  GSM  RF-EMF  and 
H202  exposure  (n  =  4). 
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Discussion 

Generally  no  significant  differences  in  colony  numbers  or  areas  between  exposed  and  sham  exposed 
MSC  are  evident  in  Figs. 5-7,  although  there  does  appear  to  be  borderline  differences  in  colony 
numbers  between  some  controls  and  sham  exposed  MSC  in  Fig.7.  This  is  to  be  expected,  given  the 
difference  in  conditions  between  these  groups.  Generally,  in  the  control  group,  the  colony  number  is 
slightly  reduced,  and  the  colony  area  slightly  smaller.  This  suggests  that  the  extra  handling  and 
medium  levels  of  the  exposed  and  sham  groups  could  be  affecting  both  the  recruitment  and  the 
proliferation  of  the  MSC.  This  is  probably  due  to  them  receiving  higher  amounts  of  growth  factors 
from  the  larger  volume  of  medium.  Another  behavioural  difference  was  seen  in  the  distribution  of  the 
colonies;  in  the  control  group  the  colonies  tended  to  be  in  the  middle  of  the  dish,  whereas  they  were 
more  evenly  spread  in  the  exposed  and  sham  groups.  This  is  likely  to  be  due  to  moving  the  dishes  in 
and  out  of  the  TEM  cell,  as  well  as  stirring  when  the  extra  medium  is  added. 

Diem  et  al,  [10]  used  intermittent  exposure  to  show  that  1800MHz  RF-EMFs  could  cause  DNA 
breakages  in  both  cultured  human  diploid  fibroblasts  and  cultured  rat  granulosa  cells  at  non-thermal 
levels  after  16  hours  continuous  exposure  (SAR  =1.2  and  2  W/kg).  Our  experiments  exposed  MSC  to 
daily  3  hour  periods  of  intermittent  RF-EMF  for  5  consecutive  days,  at  an  SAR  of  0.9  W/kg  but  found 
no  significant  effects.  As  the  SAR  levels  for  the  data  shown  here  is  lower  than  that  of  [10],  further 
exposures  are  ongoing  at  higher  SAR’s.  While  caution  is  required  in  comparing  different  frequencies, 
different  cell  types,  and  the  responses  of  cultured  and  primary  cells,  this  does  suggest  that  a  long 
continuous  exposure  is  required  to  induce  any  effect,  rather  than  an  equivalent  cumulative  exposure. 

Oxidative  stress  is  known  to  play  a  role  in  stem  cell  differentiation  [11].  It  has  been  shown  that  there 
are  interactions  between  oxidative  stress  levels  and  the  ability  of  the  stem  cells  to  proliferate,  and  that 
antioxidants  can  increase  the  total  number  of  cells.  Stolzing  and  Scutt  [11]  showed  that  H202  reduces 
both  alkaline  phosphatase  expression  and  total  colony  number.  As  expected,  in  our  experiments  H202 
alone  generally  significantly  reduced  MSC  number,  as  well  as  their  proliferation,  as  shown  by  the 
reduced  colony  numbers  and  sizes  in  Fig. 8.  This  also  helps  corroborate  the  assaying  procedure  itself. 
Co-exposure  with  RF-EMF  generally  showed  no  additional  effects  compared  with  sham  exposure, 
although  some  significant  differences  were  again  observed  between  H202  MSC  colony  numbers  outside 
and  inside  the  TEM  cells.  Finally  it  is  worth  noting  the  anomalous  significant  differential  collagen  area 
of  H202  stressed  MSC  when  exposed  to  GSM  compared  to  sham  exposure,  although  no  conclusions 
may  be  drawn  from  this  one  result. 


SUMMARY 

A  dosimetric  analysis  has  been  performed  using  a  TEM  cell  based  exposure  system  for  in-vitro  stem 
cell  cultures,  with  subsequent  experimentation  based  on  the  results.  Optimal  positioning  and  filling  of 
the  cell  culture  Petri  dishes  for  maximum  mean  SAR  and  uniformity  in  the  stem  cell  monolayer  was 
calculated  using  both  in-house  and  commercial  FDTD  modelling  software.  MSC  recruitment, 
proliferation  and  differentiation  were  not  affected  by  CW,  GSM  or  intermittent  CW  exposure  to 
900MHz  RF-EMF,  even  when  the  MSC  were  co-exposed  with  H202. 
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Abstract 

The  interaction  of  light  energy  with  plants  results  in  the  most  important  process  on  earth:  the 
photosynthesis.  Biophysical  studies  on  membrane  model  systems  bring  relevant  insights  for  in  vivo 
primary  reactions  in  photosynthetic  membranes.  Liposomes  with  chlorophyll  a  are  biomembrane  models, 
providing  a  hydrophobic  environment  for  chlorophyll  a,  the  major  pigment  in  photosynthesis.  The  spectral 
features  of  chlorophyll  a  allow  its  use  as  sensor  for  physical  properties  of  liposomes  and  for  specific 
molecular  interactions  in  the  liposome  bilayer.  Supported  lipid  bilayers  (SLB)  can  be  obtained  by 
deposition  of  liposomes  on  solid  surfaces,  using  different  supports.  This  new  approach  provides  access  to 
basic  aspects  of  membrane  biophysics  and  represents  the  basis  for  developing  different  applications.  The 
objective  of  our  work  was  to  obtain  SLB  with  chlorophyll  a  and  to  use  chlorophyll  as  a  marker  in 
biophysical  studies  on  these  structures.  Specific  interactions  occurring  inside  the  lipid  membranes,  exposed 
to  light  (in  the  visible  range  of  electromagnetic  radiation)  have  been  studied,  using  the  strong  absorption 
and  emission  of  chlorophyll  a.  The  most  interesting  application  of  SLB  with  chlorophyll  a  is  represented 
by  devices  for  light  energy  conversion,  mimicking  photosynthesis.  Photovoltaic  devices  based  on 
chlorophyll  a  are  presented. 

Introduction 

Liposomes  are  phospholipidic  vesicles  which  enclose  an  aqueous  volume.  They  have  been  under 
extensive  investigation  for  more  than  20  years  as  carriers  for  the  improved  delivery  of  a  broad  spectrum  of 
agents:  chemotherapeutic  agents,  imaging  agents,  antigens,  chelating  compounds,  hemoglobin  and 
cofactors,  lipids  and  genetic  material  [1].  Liposomes  can  be  prepared  so  that  they  can  entrap  certain 
quantities  of  materials  both  within  their  aqueous  compartment  and  within  the  membrane. 

The  value  of  liposomes  as  membrane  model  systems  derives  from  the  fact  that  they  can  be 
prepared  of  natural  constituents  and  the  liposome  membrane  forms  a  bilayer  structure  which  is  almost 
identical  to  the  lipid  portion  of  the  natural  cell  membranes.  The  similarity  between  liposomes  and  natural 
membranes  can  be  increased  by  chemical  modification  of  the  liposome  membrane  and  can  be  exploited  in 
different  applications,  both  in  vivo  and  in  vitro,  mimicking  successfully  the  behaviour  of  natural 
membranes.  Apart  from  their  chemical  constituents,  which  determine  such  properties  as  membrane 
fluidity,  charge  density  and  permeability,  liposomes  can  be  characterized  by  their  size  and  shape.  They  can 
range  in  size  from  ~  25  nm  to  1000  nm  or  greater,  which  equals  the  dimensions  of  a  living  cell. 
Alternatively,  liposomes  can  be  prepared  of  entirely  artificial  components,  chosen  for  their  improved 
chemical  properties. 

The  liposomes  with  chlorophyll  a  (Chla)  are  excellent  models  for  biomembranes,  specifically  for 
photosynthetic  membranes  and  are  successfully  used  to  study  the  influence  of  different  agents  on  the 
bilayer  structure  at  molecular  level  [2-5].  Chlorophyll  a  is  a  “valuable”  molecule,  but  insufficiently 
exploited  in  biotechnological  applications.  The  strong  visible  absorption  and  fluorescence  of  Chla  allow  its 
use  as  a  sensor  for  the  interactions  at  molecular  level  and  as  a  fluorescence  marker.  It  has  been  shown  that 
Chla  has  also  radioprotective,  antimutagenic  and  anticarcinogenic  activities.  Chlorophyll's  antioxidant 
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properties  could  be  partly  responsible  for  its  protective  effects  in  natural  and  artificial  structures. 

The  deposition  of  liposomes  on  solid  surfaces,  by  different  techniques,  conducted  to  a  new 
approach:  supported  lipid  bilayers  (SLB)  [6-8].  This  new  approach  provides  access  to  basic  aspects  of 
membrane  biophysics  and  molecular  ordering  and  may  constitute  a  strategy  for  developing 
biotechnological  applications  [9], 

Because  it  turns  out  that  liposomes  of  diferent  size  require  completely  different  methods  of 
manufacture  and  because  different  applications  demand  the  use  of  liposomes  within  particular  size,  an 
objective  of  our  work  was  to  prove  that  the  spectral  features  of  Chla  allow  its  use  as  a  sensor  for  physical 
properties  of  liposomes  (size,  shape,  molecular  dynamics). 

The  main  objective  of  the  present  work  was  to  obtain  stable  Chla-liposomes  and  supported  Chl- 
lipid  membranes  and  to  characterize  the  structures  by  using  Chla  as  a  marker  and  molecular  sensor.  Using 
the  strong  absorption  and  emission  of  chlorophyll  a,  specific  interactions  occurring  inside  the  lipid 
membranes,  exposed  to  light  (in  the  visible  range  of  electromagnetic  radiation)  have  been  studied.  A 
particular  application  of  SLB  with  chlorophyll  a  was  developed  by  manufacturing  devices  for  light  energy 
conversion,  mimicking  the  primary  act  in  photosynthesis  (separation  of  charges  under  the  light  irradiation). 

Materials  and  Methods 

Chi  a  -  Liposomes  preparation  procedure 

Chla-  liposomes  were  prepared  using  the  thin-film  hydration  method.  The  lipid  and  Chla  were  dissolved  in 
chloroform,  with  Chla/lipid  molar  ratio  varying  from  1/100  to  1/10.  Different  types  of  thin  films  were 
obtained,  by  vacuum  evaporation,  using  different  lipids:  B-stearoyl-oleoyl  L-phosphatidylcholine  (SOPC), 
dimyristoyl  phosphatidylcholine  (DMPC),  dioleoyl  phosphatidylcholine  (DOPC)  or  soybean  lecithin.  Chla 
was  prepared  from  fresh  spinach  leaves  by  Strain&Svec  method  and  checked  for  purity  (absorption  and 
fluorescence  in  VIS).  The  hydration  (2  hours)  of  the  lipid-Chla  film  was  done  by  adding  phosphate  buffer, 
pH  in  the  range:  6.2  -  7.6,  in  a  rotary  evaporator  (BIOBLOCK  SCIENTIFIC  -  Heildolph  94200,  60-90 
rpm).  Multilamellar  vesicles  (MLV)  were  obtained  by  mechanical  dispersion  (VIBRAX  stirrer,  200rpm)  of 
the  hydrated  films  (30').  Intermediate  unilamellar  vesicles  (IUV)  or  small  unilamellar  vesicles  (SUV)  were 
obtained  from  the  multilamellar  liposomes  by  using  the  exposure  to  ultrasonic  in  a  bath  (Branson  1210), 
above  lipid  Tc,  for  variable  periods.  For  obtaining  a  homogenous  population  of  liposomes,  the  suspension 
was  collected  after  a  centrifugation  at  100000  g  for  1  h. 

Formation  of  supported  lipid  membranes 

Chla-SLB  have  been  obtained  by  adsorption  method.  A  drop  of  Chla-SUVs  suspended  in  phosphate  buffer 
was  spread  on  different  solid  supports:  Silicon  wafers  and  semitransparent  Sn(L  or  ITO  glass.  Chla-SLBs 
are  formed  by  spontaneous  deposition  of  Chla  -  SUVs. 

Chla-SLBs  on  n-dopped  silicon  wafers  have  been  covered  by  a  semitransparent  gold  electrode  (1.5  mm2 
measurable  area).  Thus  a  photovoltaic  device,  sandwich  type,  was  manufactured. 

Spectra I  measurements 

The  optical  absoiption  spectra  were  obtained  on  a  double  beam  UV  -  VIS  spectrophotometer  Lambda  2S 
Perkin  Elmer  &  PECSS  software.  A  computer  assisted  Aminco  Bowman  was  used  for  recording  the 
fluorescence  spectra.  A  front  face  geometry,  on  Perkin  Elmer  LS  55  fluorometer,  was  used  for  measuring 
the  fluorescence,  collected  at  45°  from  the  solid  support. 

Photo-electrical  measurements 

The  irradiation  of  Chla-  liposomes  in  suspension  was  done  by  using  a  halogen  lamp  (650  W),  a  convergent 
lens  and  a  water  filter  (5  cm  thick).  The  photovoltaic  devices  were  illuminated,  within  the  visible  range  of 
the  electromagnetic  spectrum,  by  using  a  halogen  lamp  and  a  grating  monochromator  (Oriel).  For  the 
electrical  measurements  (photocurrents)  a  dedicated  software  and  a  Keithley  6517  electrometer  were  used. 

Results  and  discussions 

Characterisation  of  Chla  -  liposomes  by  light  absorption  in  VIS 

The  liposomes  will  scatter  light  in  the  visible  range  of  the  electromagnetic  spectrum,  if  their 
dimension  is  in  the  range  of  the  respective  wavelengths.  Typical  diameters  for  MLVs  range  between 
lOOnm  and  lOOOnm,  each  vesicle  consisting  of  five  or  more  concentric  lamellae.  Typical  dimensions  for 
SUVs  are  15  nm  (pure  egg  lecithin  liposome  in  normal  saline)  or  25  nm  (for  DPPC  liposomes).  IUVs  have 
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the  order  of  magnitude  around  lOOnm,  according  to  R.R.C.  New  [1], 

In  order  to  do  a  rapid  estimation  of  the  size  of  the  lipid  vesicles,  the  absorption  changes  in  the  VIS 
spectra  of  Chi  a  were  monitored  and  some  spectral  criteria  were  established.  Inspecting  the  absorption 
spectrum  of  Chla  in  different  liposomes,  presented  in  Figure  1,  major  differences  can  be  observed  as 
regarding  the  base  line  (background)  of  the  spectra.  The  main  absorption  bands  of  Chla  (Soret  band  and 
red  band)  are  present  in  the  spectrum  and  confirm  the  localisation  of  the  porphyrin  ring  of  chla  at  the  lipid- 
water  interface  in  the  vicinity  of  polar  lipid  heads  (the  red  band  is  shifted  to  longer  wavelengths  as 
comparing  with  solution,  i.e.  670  nm). 


Figure  1 .  Absorption  spectra  of  Chla  liposomes 

A  1A,4  dependence  of  the  baseline  was  observed  in  VIS  absorption  spectra  of  the  Chla-unilamellar 
vesicles  (SUV  or  IUV),  suggesting  that  the  size  of  the  vesicles  is  small  enough  to  act  as  point  sources  of 
scattered  light.  And  it  was  observed  that  smaller  liposomes  scatter  shorter  wavelengths  (blue)  more 
intensely,  while  larger  liposomes  scatter  long  (red)  wavelengths.  It  is  the  case  of  Rayleigh  scattering, 
applying  to  particles  with  a  radius  less  than  the  wavelength  of  light  /  20  (  R<  A/20)  [10].  The  increase  of  the 
background  scattering  observed  in  the  stability  studies  can  be  explained  by  the  aggregation  or  fusion  of  the 
vesicles.  The  larger  vesicles  formed  by  aggregation  strongly  scatter  light  in  comparison  with  the  non- 
aggregated  vesicles  obtained  after  sonication. 

Assuming  a  Rayleigh  scattering,  the  over-estimated  absorbances  values  can  be  corrected  for  the 
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Figure  2.  Corrected  spectra  of  Chla  liposomes  in  suspension,  after  centrifugation 
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contribution  of  light  scattering  on  the  basis  of  the  OD  measured  at  325nm,  where  the  scattering  is  the  sole 
contributor  to  the  O.D.  (11): 

(OD,/) 

corrected '  =  (OD,/)  measured '  -  (OD3;S)  measured  %  (325/ 1)4 


In  Figure  2  the  corrected  spectra  are  presented  for  2  cases:  supernatant  and  sediment,  obtained  after  the 
centrifugation  of  Chla-liposomes.  The  suspension  of  Chla-liposomes  (SUVs)  was  manufactured  as 
described  above,  by  sonicating  the  MLVs.  By  ultracentrifugation,  the  remained  large  vesicles  are  deposited 
on  the  bottom  of  the  tube  and  a  homogenous  population  of  liposomes  remains  in  the  supernatant.  The 
correction  by  the  above  formula  of  the  absorption  spectra  works  very  well  in  the  case  of  the  supernatant, 
but  does  not  correct  the  base  line  in  the  case  of  the  sediment.  As  a  conclusion,  the  average  diameter  of  the 
liposomes  in  the  homogenous  population  is  around  60  nm. 

Therefore,  the  spectral  analysis  of  Chi  a-  liposomes,  using  the  spectral  properties  of  Chla,  leads  to 
a  rapid  monitoring  of  the  liposome  preparation.  The  Chla-liposomes  prepared  as  described  above  are 
unilamellar  and  have  diameters  in  the  range  40-100  nm.  The  nature  of  lipids  and  pH  value  of  the  buffer  are 
influencing  the  dimension  of  liposomes.  The  neutral  pH  values  proved  to  be  the  best  as  concerning  the 
stability  of  liposomes  [12]. 

The  influence  of  the  lipid  nature  on  Chla  -liposome  was  also  investigated.  Figure  3  presents  the 
normalized  absorption  spectra  (corrected  for  the  baseline)  of  Chla-  IUVs,  obtained  by  using  different  lipids. 
The  background  absorption  is  depending  on  the  lipid  nature.  The  difference  between  DMPC  and  DOPC  is 
the  presence  of  unsaturated  acyl  chains  in  the  case  of  DOPC,  thus  providing  a  different  environment  for 
Chla  in  the  lipid  bilayer.  This  explains  the  lower  background  and  therefore  the  smaller  dimension  of  the 
DOPC  liposomes. 


O.D.  normalized  (670nm)  pH  =  7.2 


k(nm ) 

Figure  3.  Absorption  spectra  of  Chla-  IUVs 


Stability  studies  on  liposomes  with  Chi  a  were  performed  by  monitoring  the  changes  in  the  Chi  a 
spectra  for  different  factors.  The  photooxidation  of  Chi  a  was  monitored  by  comparing  the  absorbance  ratio 
in  the  Soret  band  O.D.438/O.D.4i6.  A  correlation  between  Chi  a  oxidation  and  lipid  oxidation  was  also 
observed  by  performing  VIS  and  UV  spectroscopy  on  the  lipids  -  Figure  4. 
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Figure  4.  Absorption  spectra  of  Chla  -  IUVs  in  VIS  (a)  and  UV  (b) 


Light  effect  on  liposomes  with  CM  a 

In  order  to  monitor  the  effect  of  light  on  Chla  incorporated  in  liposomes  as  compared  with  Chla  in  solution 
(ethanol,  polar  solvent),  aliquots  of  4  ml  suspension  of  Chla-  liposomes  were  irradiated  using  a  halogen 
lamp  (white  light).  In  order  to  prevent  heating  of  the  solution  and  consequences,  a  water  filter  was 
interposed  between  the  sample  and  lamp.  The  irradiated  cuvette  was  monitored  by  measuring  the 
absorption  spectrum,  every  10  minutes.  For  comparison,  Chla  in  ethanol  solution  (the  same  concentration 
as  in  the  liposomes)  was  irradiated  and  monitored  in  the  same  conditions. 

The  combined  effect  of  oxygen  and  illumination  on  the  exposed  liposomes  was  monitored  by  2  spectral 
criteria:  the  ratio  of  absorbance  in  the  Soret  band  of  Chla  (  OD  438/  OD  416)  and  photobleaching  %  (  at  the 
maximum  in  red,  670  nm).  The  results  are  presented  in  Figure  5,  for  two  cases:  pH=  6.2  and  pH=  7.35.  In 
both  cases,  the  photoxidation  of  Chla  is  pleading  for  the  fact  that  Chla  is  photobleached  by  a  slower  rate 
when  incorporated  in  the  lipid  bilayer. 
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Figure  5.  Dependence  of  spectral  parameters  upon  illumination  time 
Formation  of  CM  a-supported  lipid  membranes : 

The  deposition  of  liposomes  on  solid  surface  was  accomplished  by  the  adsorption  technique. 
Different  events  could  take  place  in  the  process  of  unilamellar  vesicles  adsorption  on  the  surface  [9]: 

-  interaction  of  vesicles  with  other  vesicles  and  with  the  substrate 

-  fusion  and  rupture  of  vesicles/  rupture  of  individual  vesicles 

-  transformation  of  surface  bound  vesicles  in  a  continuous  supported  lipid  bilayer. 

The  concentration  quenching  of  Chla  fluorescence,  in  a  suspension  of  Chla-SUVs,  as  presented  in  Figure  6, 
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could  be  explained  by  two  possible  mechanisms:  transfer  of  energy  or  formation  of  molecular  non- 
fluorescent  Chla  aggregates.  The  second  mechanism  could  be  considered  in  the  case  of  liposome  fusion  or 
rupture  of  vesicles:  Chla  inserted  in  the  lipid  bilayer  achieves  more  freedom  to  self-aggregate  in  fused  or 
ruptured  liposome  membranes.  Following  this  result,  the  optimum  concentration  for  liposome  adsorption 
was  estimated. 


Figure  6.  The  dependence  of  Chla  fluorescence  on  concentration,  in  a  suspension  of  Chla-SUVs 

(Xexc=  430  nm,  Xem=  680  nm) 

To  monitor  the  adsorption  of  Chla-liposomes  on  solid  supports,  the  Chla  absorption  and  emission 
properties  have  been  used.  In  figure  7,  the  absorption  spectra  of  Chla  both  in  liposome  suspension  and  on 
ITO  covered  by  Chla-SLB  are  represented.  The  spectra  are  very  similar.  The  red  maximum  is  at  670  nm  in 
both  spectra,  leading  to  the  conclusion  that  after  deposition  on  the  solid  support,  Chla  remains  in  the  same 
environment  as  in  the  liposomes,  i.e.  with  the  porphyrin  ring  in  the  vicinity  of  lipid  polar  groups. 


A. 


B. 


Figure  7.  Absorption  spectra  in  VIS  range 

(A)  Chla-SUVs  in  suspension,  (B)  Chla-SLB  on  ITO  (ITO  absorption  was  extracted  graphically) 


Also  the  emission  spectra  of  Chla-liposome  in  suspension  as  compared  with  the  Chla-SLB  on 
silicon  wafer,  presented  in  Figure  8,  are  sustaining  the  above  conclusion,  that  Chla  is  keeping  the  place  in 
the  lipid  bilayer  when  liposomes  are  spread  on  the  solid  support  surface. 
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Figure  8.  Emission  spectra  of  Chla  in  SUVs  and  in  BLS  on  Silicon  wafer 

(Lexc=  430  nm) 

Sensitization  process  at  chlorophyll/Si  hetero-junction 

As  already  mentioned  in  the  introduction,  SLBs  are  envisaged  as  useful  new  structures  for  different 
biotechnological  applications.  By  manufacturing  a  photovoltaic  device,  based  on  Chla-SLB  deposited  on 
Si  wafer,  some  promising  preliminary  results  have  been  obtained.  The  action  spectrum  presented  in  figure  9 
(the  photocurrent  plotted  as  function  of  the  wavelength  of  the  illumination  light)  is  pleading  for  an  effect  of 
sensitization  at  Chlorophyll/Si  hetero-junction. 


x  (nm) 

Figure  9.  Action  spectrum  of  the  sandwich  type  cell  (  Si/Chla-SLB/Au ) 


Summary 

Chlorophyll  a  incorporated  in  the  liposome  lipid  bilayer  was  used  to  monitor  the  formation  of  both 
Chi-  liposomes  and  supported  Chl-lipid  membranes. 

The  strong  visible  absorption  and  fluorescence  of  Chlorophyll  a  allow  its  use  as  a  sensor  for  the 
interactions  at  molecular  level  and  as  a  fluorescence  marker. 

Spectral  criteria  have  been  developed  in  order  to  monitor  the  size  and  shape  of  Chla-liposomes, 
the  oxidation  state  of  the  components  and  for  studying  the  effect  of  irradiation  with  light  (VIS  range). 

Interaction  of  Chla  with  light  and  the  Chla  absorbance  and  fluorescence  properties  were 
successfully  used  to  monitor  the  supported  lipid  membranes  on  ITO  and  Si  substrate. 
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Preliminary  photo-electrical  measurements  are  pleading  for  successful  utilization  of  supported  Chi 
lipid  membranes  in  building  up  photovoltaic  devices  using  Chi  a  as  a  photo-  sensitisation  factor. 
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The  lyophilized  samples  of  ox  senim  albumin  (OSA)  were  IR  irradiated  at  X  =  120  -140  mkm  by  a 
free  electron  laser  of  a  power  of  130-280  mw.  The  analysis  of  IR  absorption  spectra  indicates  a  decrease  in  both 
the  optical  density  of  the  bands  of  characteristic  frequencies  (2700  -  3100  cm'1)  and  the  value  of  background 
determined  by  scattering  intensity.  The  analysis  of  UV  absorption  spectra  indicates  a  decrease  in  the  optical 
density  of  irradiated  samples  at  X  =  270  nm  as  compared  with  the  non-irradiated  ones.  The  thermal  heating  of 
samples  caused  an  increase  in  the  scattering  of  IR  spectra  and  no  changes  of  absorption  value  in  the  region  of 
characteristic  frequencies  and  UV  absorption  spectra.  The  influence  of  terahertz  radiation  was  did't  observed  for 
water  solution  of  OSA.  The  observed  laser  effects  are  interpreted  in  the  framework  of  the  hypothesis  of  the 
existence  of  photochemical  destruction,  laser  swelling  and  ablation. 

Introduction 

Studying  the  influence  of  interaction  between  electromagnetic  terahertzian  radiation,  THz  (70  - 
240mkm),  and  bioobjects  is  actual  because  of  a  feasible  effect  of  this  radiation  on  their  functioning  and  structure 
[1-2].  However,  the  total  number  of  works  devoted  to  this  problem  is  rather  small  [3].  A  direct  study  on  the 
interaction  between  terahertzian  radiation  and  biomolecules  is  presented  in  a  limited  number  of  works  [4-8]. 
Thus,  in  [5]  it  is  shown  that  the  irradiation  of  horse-radish  DNA  molecules,  lysocyme  and  peroxidase  leads  to 
soft  ablation  under  free  electron  laser  irradiation  (X  =100-200  mkm,  pulse  duration  50  pc,  frequency  5,6  MHz, 
mean  power  200  W).  The  existence  of  soft  ablation  is  assigned  to  the  fact  [7]  that  the  irradiated  protein  partially 
preserves  a  functional  activity. 

It  is  concluded  then  [8]  that  the  irradiation  of  the  lyophilized  preparation  of  ox  serous  albumin  (OSA) 
causes  changes  (deformation)  in  a  secondary  structure.  In  this  work,  a  pulse  laser  with  a  generation  wavelength 
of  90  mkm  and  a  pulse  energy  of  5  mJ  was  used.  The  values  of  doses  were  varied  from  0.2  to  3  J.  This 
information  was  extracted  from  changes  of  the  fluorescence  properties  of  the  probe  whose  interaction  with  an 
OSA  molecule  was  dependent  on  the  irradiation  dose  obtained  by  the  OSA  molecule.  The  deformation  of 
substance  structure  under  laser  pulse  can  be  followed  by  swelling  and  ablation  [9].  Thus,  according  to  [9]  the 
action  of  laser  radiation  is  likely  to  lead  to  the  swelling  of  OSA  samples. 

The  swelling  (the  formation  of  tubercles  at  the  irradiated  surface),  i.e.,  the  deformation  of  object 
macrostructure,  can  actually  cause  direct  changes  in  the  electron  characteristics  of  the  OSA  molecule.  Thus,  of 
interest  is  to  observe  changes  in  the  IR  and  UV  absorption  spectra  of  OSA  samples  under  terahertzian  radiation 
because  these  spectra  contain  direct  information  on  the  electron  properties  of  the  molecule  under  study.  The 
goal  of  the  present  work  is  to  compare  the  IR  and  UV  absorption  spectra  of  OSA  samples  before  and  after  THZ 
irradiation. 

Materials  and  Methods. 

The  lyophilized  OSA  preparation  of  the  firm  «PPP»  was  used  without  repurification.  The  starting 
preparation  was  represented  by  3  mm  flat  plates.  The  samples  were  irradiated  in  teflon  (fluoroplast)  cells.  The 
thickness  of  the  windows  was  3  mm.  The  sample  irradiated  (the  preparation  was  preliminarily  grinded  in  an 
agate  mortar)  was  spread  throughout  a  window  with  50  mkm  cylindrical  cavities  of  a  diameter  of  30  mm. 

A  free  electron  laser  (FEL)  [10]  produced  terahertzian  radiation  with  the  parameters  X  =  130-140  mkm, 
a  pulse  duration  of  50  ps,  a  frequency  of  5,6  MHz,  and  a  mean  power  of  200  mW.  The  time  of  irradiation  was  3, 
6  and  9  min  which  corresponded  to  doses  of  36,  72,  and  108  J,  respectively.  The  power  was  controlled  by  an 
power  meter  IMO-2.  The  laser  beam  half-width  was  8  mm. 

The  thermal  heating  was  realized  by  locating  a  cell  in  a  thermostat  at  a  given  temperature  under 
irradiation  of  a  thermal  gun.  The  heating  temperature  was  measured  using  a  differential  thermocouple.  The 
samples  were  heated  to  55°C. 

The  IR  spectra  of  irradiated  and  test  samples  were  analyzed  in  the  cells  used  for  irradiation.  A  Fourier- 
spectrometer  (“Bruker”)  was  employed  for  analysis.  The  UV  spectra  of  irradiated  and  test  samples  were 
analyzed  using  aqueous  OSA  solutions  whose  concentration  was  lmg/ml.  The  solutions  were  prepared  by 
dissolving  the  weighted  portions  of  irradiated  and  non-irradiated  OSA  powders  in  deionized  water.  The  UV 
absorption  spectra  were  obtained  using  a  “Hewlette-Packard”  spectrometer. 
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Results  and  discussion 

Figurela  shows  the  IR  absorption  spectrum  of  albumin  powder  (control).  The  range  of  characteristic 
frequencies  from  2700  to  3500  cm"1  is  determined  by  the  stretching  vibrations  of  CH,  NH  and  OH  groups  [11]. 
Figurelb  shows  the  IR  absorption  spectrum  of  albumin  powder  after  a  3  min  irradiation  by  the  FEL  at  X  =  130 
mkm  and  with  a  power  of  200  mW.  A  comparison  of  these  spectra  indicates  a  decrease  in  the  intensities  of  both 
the  background  at  2800  cm"1  and  the  lines  of  characteristic  frequencies  at  2930  cm"1.  Note  that  the  value  of  the 
absorption  of  the  structurized  spectrum  region  changes  in  proportion  to  the  change  in  the  background 
absorption.  Heating  the  samples  by  either  air  convection  in  a  thermostat  or  the  directed  stream  of  hot  air  from  a 
heat  gun  with  a  temperature  up  to  55°C  causes  another  change  in  the  IR  absorption  spectra,  i.e.,  the  background 
intensity  increases  and  that  of  specific  bands  remains  unchanged.  Thus,  the  action  of  FEL  radiation  and  the 
thermal  heating  of  OSA  samples  lead  to  changes  in  the  IR  spectra  with  different  signs.  It  is  concluded  then  that 
the  nature  of  changes  in  absorption  spectra  is  quite  different.  The  difference  between  the  absorption  spectra  of 
the  starting  sample  and  the  irradiated  one  depends  on  the  time  of  irradiation  (dose). 


Fig.l.  IR  spectra  of  OSA  before  (a)  and  after  (b)  irradiation. 

Both  the  increase  in  the  intensity  of  background  absorption,  determined  by  cell  absorption  and  sample 
scattering,  and  the  absence  of  changes  in  the  intensity  in  the  area  of  absorption  of  CH,  NH,  and  OH  vibrations 
under  heating  can  be  assigned  to  either  the  appearance  of  fractures  in  the  sample  or  the  subdivision  of  the 
granules  of  laminar  OSA.  In  this  case,  the  background  intensity  is  sure  to  increase  and  the  intensity  of  the 
structurized  spectrum  region  will  remain  constant  because  the  concentration  of  characteristic  groups  remains 
unchanged. 

A  decrease  in  the  absorption  intensity  of  the  background  and  the  structurized  spectrum  region  under  FEL 
irradiation  can  be  assigned  to  the  fact  that  under  irradiation  a  considerable  heating  causes  carbonization, 
agglomeration,  etc.  Such  “burning”  or  “agglomeration”  can  cause  a  decrease  in  the  number  of  reflecting 
surfaces.  In  addition,  the  process  of  “agglomeration”  can  decrease  the  number  of  CH,  NH,  and  OH  groups  if 
initial  molecules  are  destmcted  and  the  products  are  formed  in  which  a  fraction  of  molecules  containing  the 
given  structural  fragments  is  smaller.  This  chemical  process  is  e.g.,  well  known  for  the  process  of  humus- 
formation  where  chemical  transformations  in  soil  cause  an  increase  of  C/H,  N/C  ratios  in  time.  An  increase  in 
the  values  of  these  ratios  testifies  to  the  increase  in  the  aroma  of  the  systems  studied  [12].  When  the  process  of 
“burning”  prevails  in  the  effect  of  the  decrease  of  OSA  sample  absorption,  the  presence  of  oxygen  will  be  of 
major  importance  because  the  samples  were  irradiated  from  which  oxygen  was  not  removed.  Therefore,  it  is 
interesting  to  perform  experiments  on  THz  irradiation  of  OSA  samples  in  an  oxygen-free  medium. 

Note  that  a  feasible  effect  of  conglomeration  is  in  agreement  with  the  concepts  of  the  existence  of  the  effect 
of  laser  ablation  in  the  system  under  study.  Indeed,  since  irradiation  was  performed  in  a  closed  volume,  the 
possible  products  of  ablation  whose  structure  is  sure  to  differ  from  the  initial  ones,  remain  in  the  same  volume 
and  can  lead  to  a  change  in  absorption  spectra.  As  for  the  effect  of  laser  swelling  (the  swelling  of  the  irradiated 
sample  surface  at  the  irradiation  site)  which  precedes  laser  ablation,  it  is  also  possible  because  the  OSA  powder 
is  a  set  of  laminar  structures  at  the  surface  of  which  the  swelling  effect  can  be  observed.  However,  our  method 
of  recording  the  effects  of  irradiation  fails  to  reveal  the  manifestations  of  swelling  because  these  cause  no 
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changes  in  the  value  of  absorption  of  both  a  substrate  and  the  structurized  part  of  the  spectrum.  Finally,  the 
swelling  can  be  absolutely  absent  because  in  our  experiments  the  pulse  energy  and  the  dose  substantially  exceed 
those  in  [8]. 


X ,  n  m 

Fig. 2.  Electronic  absorption  spectra  of  OSA  samples  before  (a)  and  after  (b)  irradiation. 

Assumption  of  the  effect  of  “agglomeration”  accompanied  by  a  significant  chemical  destruction  of  the 
initial  structure  of  OSA  molecule  is  confirmed  by  the  effect  of  a  decrease  in  the  intensity  of  the  UV  spectrum 
absorption  of  the  OSA  molecule  after  irradiation  (fig. 2).  As  follows  from  the  figure,  after  irradiation,  the 
absorption  intensity  of  the  sample  decreases  by  about  40%.  This  testifies  to  a  decrease  in  the  number  of 
structural  groups  determining  a  characteristic  “protein”  absorption  at  X  =  270  nm.  The  tests  performed  using  the 
thermally  heated  OSA  samples  indicate  the  absence  of  any  changes  in  the  UV  absorption  spectra. 

Thus,  the  terahertzian  radiation  with  a  wavelength  of  130  mkm  and  a  power  of  200  mW  leads  to  the 
observed  changes  in  the  UV  and  IR  absorption  spectra  that  are  opposite  in  their  directivity  to  the  influence  of 
thermal  heating.  The  changes  in  absorption  spectra  are  likely  to  be  due  to  the  destruction  of  initial  molecules. 
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Abstract 

Against  the  popular  believe  that  the  acute  visual  recognition  takes  place  at  the  fovea  this  work  examines  the 
possible  focusing  effect  of  the  visual  system  as  a  whole  in  the  formation  of  clear  image  on  the  retina  as  a  whole  . 
Accordingly  the  image  is  affected  by  the  curvature  of  the  retina,  the  gradient  of  the  index  of  refraction  of  the  lens 
and  other  media  as  well  as  the  curvature  of  the  retina  itself.  The  present  approach  utilizes  the  ray  tracing 
technique  to  track  the  image  at  different  levels  until  it  reaches  the  curved  surface  of  the  retina.  The  results 
confirm  that  it  is  possible  to  have  a  focused  image  on  considerable  area  of  the  retina.  Also  it  gives  a  reasonable 
explanation  to  the  third  dimension  recognition. 


Introduction 

The  eye  is  the  most  efficient  image  system.  The  visual  system  in  man  is  capable  of  reducing  the  dimensions  of 
the  external  world  to  almost  0.3  %  of  its  original  size  without  losing  acuity,  resolution  and  sharpness  of  the 
formed  image.  It  is  so  adjustable  to  distance  so  that  it  deals  with  objects  that  are  large  and  small,  far  and  near  and 
bright  and  dull.  It  differentiates  colours  within  the  visible  spectrum,  the  system  is  in  a  continuous  process  of 
adjusting  its  parameters  to  focus  objects  at  different  distances  on  the  retina  (accommodation),  thus  the  refractive 
power  of  the  lens  increases  for  focusing  a  near  object  upon  the  retina.  Most  importantly  it  is  capable  of 
recognizing  the  third  dimension  of  the  perceived  world. 

Over  the  years,  A  number  of  models  were  introduced  in  order  to  explain  the  remarkable  abilities  of  this  system  . 
Most  of  the  classical  approaches  deal  with  the  paraxial  properties  of  image  formation  on  the  retina. 

For  example,  the  paraxial  schematic  eye  is  highly  approximative  and  serves  only  in  obtaining  some  parameters 
such  as  the  equivalent  power  ,  the  position  of  the  cardinal  points,  the  retinal  image  size  ,  magnification  factor. 
This  model  simplifies  many  mathematical  difficulties  and  overlooks  the  problems  of  media  inhomogeneity; 
geometrical  considerations  and  the  effect  of  the  curved  shape  retina  on  image  reception. 

Rosenblum  et  al.1  introduced  a  defined  model  of  the  human  eye  by  including  a  inhomogeneous  crystalline 
lens  with  a  purely  radial  gradient  index  of  refraction.  The  model  has  the  same  basic  elements  that  Blaker2  used 
and  consists  of  a  corneal  refracting  surface  with  a  radius  of  7.8  mm,  an  aqueous  chamber  that  is  3.6  mm 
thick,  and  has  an  index  1.336.  The  crystalline  is  composed  of  an  anterior  thin  lens  of  radius  10.0  mm  with  an 
index  of  1.386,  a  radial  gradient  of  a  central  index  of  1.406  and  an  edge  index  of  1.375,  and  a  posterior  thin  lens 
of  radius  6.0  mm  and  an  index  of  1.386. 
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The  index  of  refraction  distribution  within  the  radial  gradient  takes  the  form. 


n(y)=n0 


V  2 

,±Tr 


\ 


Which  describes  a  quadratic  change  in  refractive  index  from  a  central  value  of  n0  .  The  magnitude  of  the 
coefficient  V  depicts  the  type  of  gradient  index  lens  being  used.  Rosenblum  et  al 3  used  a  value  for  V2  of 
41.58m"2.  They  found  that  the  focal  length,  measured  from  the  posterior  of  the  crystalline  lens,  is  16.55  mm.  This 
posterior  focal  length  compares  favourably  with  the  16.51  mm  value  that  Blaker2  obtained  using  both  an  axial 
and  a  radial  gradient  in  his  model  of  the  eye. 


Despite  the  difficulties  in  introducing  a  mathematical  description  to  the  different  refracting  surfaces  of  the 
system,  Al-Ahdali  and  ElMessiery3  introduced  a  model  of  the  human  eye  for  which  they  take  into  consideration 
the  laminated  nature  of  lens  fibres.  The  thickness  of  each  lamina  is  0.0056  mm;  thus  lens  comprises  300 
eccentric  lenses  of  minute  dimensions.  The  index  gradient  of  the  lens  is  such  that  the  index  of  refraction 
increases  exponentially  from  the  lens  core  to  its  peripheral  zone.  The  radius  of  anterior  and  posterior  group 
decreases  exponentially  from  the  pole  toward  the  core. 

The  laminated  lens  model  offers  a  plausible  explanation  to  the  image  formation  which  is  not  only  compressed 
but  completely  focused  on  a  curved  surface  of  the  retina.  The  acuity  of  the  image  is  usually  examined  by  the 
spot  diagram  which  is  a  plot  of  intersection  points  of  rays  from  an  object  point  with  an  image  plane.  The  spot 
diagram  is  constructed  by  using  finite  ray  tracing  for  all  rays  that  emerge  from  the  object  and  reach  their  final 
destination  on  the  image  plane.  This  diagram  is  very  effectively  in  studying  firstly,  the  distribution  of  light 
intensity  on  the  image  plane  of  a  luminous  object.  Secondly,  The  imaging  features,  the  possible  defects,  and 
limitations  of  an  optical  system. 

The  merit  function  is  related  to  the  image  quality.  The  optimum  form  of  image  formation  may  be 
achieved  by  minimizing  the  merit  function.  Most  commonly  used  merit  functions  are  the  RMS  blur  circle  radius, 
the  wave  aberration  function,  and  the  sum  of  squares  of  the  aberration  coefficients. 

It  is  based  on  determination  of  the  central  coordinates  of  the  intersection  of  rays  with  the  image  plane.  The  RMS 
blur  circle  radius  gives  a  measure  of  the  transverse  aberration  among  other  optical  defects  of  the  system.  In  order 
to  obtain  reliable  values  for  RMS  blur  circle  radius,  one  needs  to  trace  several  hundred  rays,  uniformly 
distributed  over  the  entrance  pupil,  through  the  optical  system. 

The  least  square  deviation  is  given  as  : 


(RMS)2=^[(X(I)-<X(I)  >f  +(¥(!)-<  Y(I)  >)2 


N 

1 

Where  X(I)  and  Y(I)  are  the  coordinates  of  intersection  of  the  ray  at  the  image  plane. 
<X(I)  >  and  <  Y(I)  >  represent  the  average  coordinates  of  the  ray  intercepting  the  image 
They  are  the  result  of  tracing  N  rays  passing  through  equal  areas  in  the  entrance  pupil. 

,  N  ,  N 

<  X(I)  >=-£  X(D  and  <  Y(I)  >=-£  Y(I) 

JN  !  JN  ! 

Al  Ahadali  4  used  caustic  surfaces  as  a  merit  function  and 
optimized  the  caustic  points  towards  an  Gaussian  focal  point.  In  this  case 
the  lens  parameters  are  varied  by  a  certain  procedure. 

Pomerantzeff  et  al 5  have  introduced  an  eye  model  based  on  the 
wide  angle  of  light  entrance  to  the  eye  which  was  based  on  finding  the 
square  root  of  the  distance  between  the  Gaussian  focal  point  and  the 
caustic  Kortez  and  Handelman6  discussed  the  mechanism  of  eye 
accommodation  and  produced  a  simple  model  explaining  the  effect  of 
such  accommodation  on  image  formation. 

Manal  and  Essam7  have  used  this  model  to  examine  the  demagnification 
power  of  the  eye  for  near  and  far  vision  they  found  that  the  image  rotates 
and  demagnifies  as  it  formed  on  the  curved  retina. 

THE  MODEL: 
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Since  the  dimensions  of  human  eye  are  large  in  comparison  to  the  visible 
wave  length  (X  =  4000  to  7000  A°,  Iris  diameter  =  4  mm),  the 
geometrical  optics  approach  is  applicable.  In  this  work  we  use  the 
laminated  lens  model,  which  was  described  previously  and  proved  its 
accuracy  and  reliability  in  connection  with  the  main  parameters  of 


Figure  1,  the  laminated  distribution 
of  the  human  lens 


159 


ELMESSIERY  AND  MANAL 


the  visual  system.  This  model  is  based  mainly  on  the  following: 

1.  The  lens  is  not  a  homogenous  medium,  but  in  fact,  there  are  many  zones  of  optical  discontinuity  within  it 
and  they  vary  both  in  refractive  index  and  in  radius  of  curvature  as  shown  if  figure(l).  In  the  absence  of 
accurate  information  about  the  number  of  these  zones  or  their  curvature.  This  variation  in  the  index  of 
refraction  is  dealt  with  by  assuming  an  exponential  increase  of  the  lens  index  of  refraction  from  the  core  to 
the  peripheral.  The  surfaces  of  both  the  cornea  and  the  lens  deviate  from  being  spherical  to  ellipsoidal.  The 
lens  thickness  varies  as  the  lens  changes  from  unaccommodated  to  the  accommodated  modes.  Accordingly 
the  image  is  formed  with  extra  features  that  are  it  is  compressed  by  an  average  value  from  0.3  to  7  %.  The 
radius  of  curvature  R  of  the  surfaces  of  the  cornea  and  the  lens  ;  are  expressed  mathematically  as 
rotationally  symmetric  aspherical  surface  so  that 

x2  +  y2  +(l  +  Q)z2  - 2zR  =  0 

The  degree  of  asphericity  are  examined  by  varying  Q  in  order  to  give  the  optimum  acuity  of  the  image  on 
the  retina. 


2.  Vector  ray-tracing  technique  is 
employed  to  study  the  optical 
characteristics  of  the  system.  Both 
paraxial  and  marginal  rays  are 
simulated,  by  considering  400  rays 
(which  are  equally  distributed  on  the 
cornea)  emerging  from  each  point  of  the 
source  and  they  were  all  traced  through 
the  system  until  they  strike  the  retina. 
The  angles  of  incidence  vary  from  0°  to 
±  20°  and  the  maximum  iris  entrance 
radius  was  taken  as  2mm. 

3.  Computer  simulation  technique  studied 
the  visual  system  under  accommodation 
and  unaccommodating  modes  also  far 
and  near  objects  were  studied. 

4.  The  constants  introduced  in  this  model, 
were  obtained  under  the  optimal 
conditions  of;  focusing  the  images  on 
the  curved  surface  of  the  retina; 
Minimum  radius  of  the  blur  circle  and 
caustic  surface  and  finally  minimal 
spherical  aberration. 

5.  The  spot  diagram  is  constructed  by 
using  finite  ray  tracing  for  all  rays  that 
emerge  from  the  object  and  reach  their 
final  destination  on  the  image  plane. 
This  diagram  is  used  in  studying  firstly, 
the  distribution  of  light  intensity  on  the 
image  plane  of  a  luminous  object. 
Secondly,  the  imaging  features,  the 
possible  defects,  and  limitations  of  an 
optical  system. 

RESULTS: 

Figure(2)  represents  the  variations  of 
RMS  of  the  blur  radius  with  lens  asphericity 
for  different  values  of  both  the  cornea  Qc 
and  the  lens  QL.  Here,  the  object  is 
considered  at  far  vision,  i.e.  the  incident  rays 
are  parallel  to  the  optical  axis  and  uniformly 
distributed  at  the  entrance  grid  placed  in 
front  of  the  cornea. 

A  four  hundred  incident  rays  are  used  to 
construct  the  image  of  two  point  objects 
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(2  mm  apart  and  height  1  mm);  as  they  received  on  the  retina.  These  objects  are  considered  at  far  vision. 

Figures  (2a,b,c  and  d)  show  the  variation  of  RMS  value  of  the  radius  of  the  blur  circle  of  the  image  point  at  the 
retina  for  different  values  of  cornea  asphericity  represents;  lens  asphericity  is  kept  constant  at  a  value  of  -0.5. 

It  is  clear  that  the  cornea  asphericity  plays  a  dominate  factor  of  the  image  acuity  and  there  is  a  critical  value  of 
Qcof  -1.0  at  which  the  blur  circle  has  a  minimum  rms  radius. 

In  order  to  examine  the  effect  of  the  complicity  of  the  eye  in  comparison  with  other  optical  system  the  image  of  a 
cube  in  the  near  vision  is  first  received  on  a  plane  Figure(3a)  and  the  second  on  the  curved  surface  of  the  retina 
Figure(3b). 

In  the  first  case  the  projection  of 
the  cube  is  demagnified  square 
that  hide  the  far  edges  LKMN 
behind  but  in  the  second  case  the 
projection  of  the  same  object  is 
firstly  subjected  to  different 
demagnification  factor  that 
exhibits  the  all  sides  of  the  cube 
with  different  location.  Secondly 
the  straight  edges  are  focused  and 
curved  and  thirdly  the  image 
rotates  with  respect  to  the  object 
with  an  angle  that  is  proportional 
to  the  axial  distance. 


DISCUSION  and  Conclusion 

The  present  investigation  aimed 
at  producing  a  complete  model  to 
the  image  formation  at  the  retina 
of  human  eye.  The  model 
suggests  that: 

1- The  cornea  acts  as  a  very 
powerful  converging  lens.  The 
aqueous  humour  has  a  refractive  index  differing  slightly  from  the  corneal  substance,  thus  the  posterior  surface 
has  a  negligible  refractive  power.  The  focusing  depends  on  the  cornea  curvature  of  lens  surfaces  curvature  and 
the  gradients  of  the  lens  index  of  refraction.  Thus  the  asphericity  of  the  system  plays  a  strong  role  in  the 
perfection  of  the  eye  as  an  optical  system. 

2-  There  is  a  linear  dependence  between  corneal  asphericity  and  lens  asphericity  that  gives  the 
optimum  sharpness  conditions  as  illustrated  in  figure)  1). 

3- The  fovea  is  less  than  one  half  a  millimetres  (less  than  500  micrometers)  in  diameter,  which  means  that 
maximum  visual  acuity  occurs  in  only  3  degrees  of  the  visual  field.  Outside  this  fovea  area  the  visual  acuity  is 
reduced  five  to  tenfold,  and  it  becomes  progressively  poorer  as  the  periphery  is  approached. 

The  image  blur  circle  of  a  point  source  could  have  a  rms  radius  in  the  order  of  5  micrometers.  While  the  average 
diameter  of  cones  in  the  fovea  (the  central  part  of  the  retina  where  vision  is  most  highly  developed),  is 
approximately  1.5  micrometers,  a  person  can  distinguish  two  separate  points  if  their  centres  lie  approximately  2 
micrometers  apart  on  the  retina,  which  is  slightly  greater  than  the  width  of  a  single  cone  in  the  fovea. 

4-  The  blur  circles  for  objects  at  far  vision  do  not  affect  the  image.  However  as  the  size  of  the  object 
decreases  the  image  itself  as  a  whole  lies  within  a  very  small  area  on  the  retina  (  in  the  order  of  2  cones)  so  that 
it  will  not  be  recognized  in  full  details.  For  bigger  object  the  resolution  improves  and  the  blur  circle 
does  not  seriously  damage  the  details  of  the  object.  As  the  object  comes  nearer  to  the  eye  the  problems 
of  aberration  appears  more  seriously. 

6-  The  demagnification  factor  for  far  vision  is  almost  constant  (0.29  ±  0.003%)  which  means  that  all 
images  will  be  demagnified  equally  irrespective  of  their  geometry  as  long  as  they  are  in  the  far  vision  region. 

For  Near  vision  (  object  distance  <  25  cm).  The  demagnification  factor  is  almost  constant  (  6.8)  for  small 
object  height  up  to  50  mm.  But  decreases  linearly  for  object  height  greater  than  50  mm. 


Figure  (3  )  comparison  between  the  image  formation  on  a 
plane  and  on  the  curved  retina 
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The  variation  of  lens  height  is  not  the  main  factor  affecting  the  accommodation  process  but  also  the  shape  of  the 
lens  (lens  asphericity)  changes  during  accommodation  in  order  to  obtain  the  maximum  sharpness  of  the  image. 

7-  The  accommodation  process  does  not  affect  the  demagnification  factor  where  it  is  almost  the  same  for  both 
accommodated  and  unaccommodated  lens.  So  the  accommodation  process  affects  only  the  sharpness  of  the 
image  but  not  the  size  of  the  image. 

8-  The  perception  of  the  3D  of  the  image  is  not  an  absolutely  mental  process.  But  it  is  done  by  the  variation  of 
demagnification  factor  with  the  axial  distance. 
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Exposure  standards  for  radiofrequency  radiation  are  framed  in  terms  of  acceptable  specific 
energy  absorption  rate  (SAR)  in  order  to  limit  temperature  rises  in  the  body.  The  eye  lens  is 
particularly  sensitive  due  to  the  lack  of  perfusion  and  limited  capacity  for  repair.  This  work 
combines  the  FDTD  method  (for  SAR  computations)  and  finite  element  method  (for  thermal 
computations).  A  comparison  is  made  between  use  of  an  isolated  eye  model,  with  convective 
boundary  conditions,  and  a  full  head  model.  The  resolution  of  the  model  is  insufficient  to 
describe  the  actual  blood  flow  distribution  at  the  choroid.  However,  an  “equivalent  perfusion 
rate”  is  used  which  is  chosen  to  match  the  convective  heat  transfer  coefficient  used  in  other 
models.  Calculations  were  made  for  exposure  to  a  wireless  handset  with  a  monopole  antenna  at 
380,  900  and  1800MHz,  and  with  a  helical  antenna  at  380MHz.  A  range  of  antenna  positions 
was  considered.  Despite  the  range  of  different  exposures,  a  consistent  relationship  was  found 
between  temperature  rise  in  the  eye,  SAR  averaged  over  the  eye,  and  the  lOg  average  SAR 
which  is  subject  to  restriction  in  ICNIRP  guidelines. 


Introduction 


Recent  years  have  seen  a  rapid  increase  in  the  use  of  personal  wireless  communications  devices  such  as  mobile 
phones.  Unlike  other  sources  of  radiofrequency  and  microwave  radiation,  these  are  used  in  close  proximity  to  the 
head.  These  sources  can  produce  exposures  which  approach  national  or  international  safety  guidelines  (ICNIRP 
1998,  NRPB  2004,  IEEE  2005)  and  therefore  require  fairly  detailed  safety  assessment. 

Over  the  past  few  years  several  authors  (van  Leeuwen  et  al  1999,  Wainwright  2000,  Bernardi  et  al  2000,  Gandhi 
et  al  2001,  Hirata  and  Shiozawa  2003)  have  computed  the  temperature  rises  in  the  brain  expected  during  use  of  a 
GSM  mobile  phone.  In  view  of  the  high  blood  perfusion  rate  in  the  brain,  temperature  rises  are  likely  to  remain 
well  within  safe  limits,  indeed  considerably  less  than  the  normal  diurnal  variation  of  brain  temperatures. 

The  eye  is  more  susceptible  than  most  other  organs  to  damage  by  microwave  radiation.  It  lacks  an  internal  blood 
supply,  so  that  it  is  prone  to  the  appearance  of  hot  spots  in  the  central  regions  (Hirata  2005).  Furthermore,  the 
lens  has  a  limited  capacity  for  repair,  and  the  accumulation  of  cellular  debris  can  lead  to  a  loss  of  transparency. 
Animal  experiments  (Guy  et  al  1975)  have  shown  the  induction  of  cataracts  with  acute  high  level  exposure. 

Many  models  of  the  eye,  for  humans  and  other  species,  have  been  constructed  over  the  years  (Lagendijk  1982, 
Scott  1988a,b).  Modelling  the  anatomy  of  the  eye  itself  is  relatively  straightforward.  However,  a  critical  factor  in 
the  temperature  calculation  is  the  blood  flow  in  the  vessels  surrounding  the  eye,  particularly  in  the  choroid, 
which  has  a  dense  network  of  vessels  supplying  the  retina. 

A  new  combined  electromagnetic  and  thermal  model  of  the  human  head  has  been  developed  at  HPA.  This  model 
combines  a  finite  difference  time  domain  electromagnetic  model  with  2mm  resolution  and  a  finite  element 
thermal  model  with  1mm  resolution  in  the  eye. 

The  aim  of  this  study  is  to  clarify  the  relationship  between  specific  energy  absorption  rate  (SAR)  and 
temperature  rises  in  the  eye,  and  to  determine  whether  the  present  basic  restriction  on  SAR,  recommended  by 
ICNIRP,  gives  adequate  protection  against  possible  adverse  effects  such  as  cataract.  To  this  end  the  new  model 
has  been  used  to  compare  the  SAR  and  temperature  rises  due  to  radiation  from  antennas  and  handsets  at 
frequencies  produced  by  several  widely  used  types  of  communication  handset.  The  three  frequencies  studied 
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here  are  380MHz  (used  by  the  Terrestrial  Trunked  Radio  system,  TETRA),  900MHz  and  1800MHz  (used  by 
GSM  mobile  phones).  The  model  has  also  been  used  to  study  the  differences  between  two  alternative  antenna 
types,  the  monopole  and  helix. 

Some  older  studies  (Lagendijk  1982,  Scott  1988a,b)  have  used  a  model  of  the  eye  in  isolation  from  the  head,  and 
a  boundary  condition  at  the  surface  to  take  into  account  all  heat  losses  to  blood  in  the  choroid  and  surroundings. 
The  parameters  of  this  boundary  condition  were  chosen  to  fit  temperature  data  obtained  by  measurement  in  the 
rabbit  eye.  In  order  to  transfer  this  information  to  the  full  head  model,  an  “equivalent”  blood  perfusion  rate  has 
been  estimated  for  the  layer  of  elements  surrounding  the  eye.  This  perfusion  rate  produces  a  heat  transfer 
approximately  equivalent  to  that  in  the  older  truncated  models. 


Methods 


The  SAR  in  the  head  was  calculated  using  the  finite  difference  time  domain  (FDTD)  technique  implemented  by 
a  computer  program  developed  at  HPA  and  previously  used  to  calculate  SAR  from  TETRA  exposures 
(Dimbylow  et  al,  2003).  This  technique  uses  a  segmented  voxel  (VOlume  piXEL)  dataset  to  describe  the  human 
anatomy.  The  body  is  divided  into  a  regular  3D  array  of  hexahedral  cells,  and  the  tissue  type  of  each  cell  is 
described  by  an  integer  code  in  the  range  0  —  255.  This  tissue  code  is  used  as  an  index  into  several  arrays  which 
contain  the  electromagnetic  and  physical  properties  for  each  tissue,  for  example  the  density,  permittivity  and 
conductivity.  Each  program  run  is  performed  for  one  frequency.  Prior  to  the  run,  the  permittivity  and 
conductivity  at  that  frequency  is  calculated  for  each  tissue.  This  is  done  using  a  4-Cole-Cole  model  (Gabriel 
1996).  The  open  boundary  was  simulated  using  the  “Perfectly  Matched  Layer”  technique  (Berenger  1994)  using 
a  6-cell  PML  layer  and  a  minimum  5-cell  air  gap  between  this  and  the  nearest  object. 

The  original  voxel  dataset  of  the  head  was  derived  from  an  MRI  scan  of  an  adult  male.  After  initial  segmentation 
as  described  in  (Dimbylow  and  Mann  1994),  a  number  of  additional  adjustments  were  made  to  correct 
shortcomings  in  the  data  acquisition  and  automatic  tissue  segmentation.  For  example,  some  voxels  on  the  surface 
of  the  head  had  been  erroneously  labeled  as  CSF,  and  some  inside  the  brain  labeled  as  muscle.  The  original 
dataset  did  not  distinguish  the  cartilage  in  the  nose,  and  the  eyes  were  half-closed.  The  original  dataset  did  not 
show  the  orbital  fat  between  the  optic  nerve  and  the  orbital  muscles;  this  region  appeared  as  solid  muscle. 

The  resolution  of  the  original  voxel  dataset  was  1  mm.  However,  in  view  of  the  large  number  of  calculations  to 
be  performed  it  was  found  that  a  lower  resolution  of  2  mm  was  more  appropriate  for  the  majority  of  SAR 
calculations.  Therefore,  the  dataset  was  resampled  to  the  lower  resolution  using  a  simple  voting  algorithm  to 
determine  which  of  the  8  voxel  tissue  types  would  be  assigned  to  the  larger  cube.  In  the  course  of  this  procedure 
the  thin  layer  of  skin  covering  the  head  was  eroded  in  places.  A  subsequent  automated  procedure  ensured  a 
uniform  2  mm  (1  voxel)  covering  of  skin  over  the  entire  head. 

For  the  thermal  calculations  a  finite  element  technique  was  used,  since  this  allows  for  non-uniform  meshing  and 
better  conformance  to  curved  interfaces  (such  as  the  surface  of  the  eyeball).  In  this  case  accuracy  of  anatomical 
modeling  far  from  the  source  is  not  critical,  while  the  the  structures  of  the  eye  must  be  represented  in  detail.  The 
finite  element  mesh  was  derived  by  an  automated  procedure  (Wainwright  1999)  from  the  voxel  dataset  used  for 
the  SAR  calculations.  The  SAR  from  the  FDTD  code  was  interpolated  onto  the  finite  element  mesh  in  the 
following  way:  If  an  element  lay  entirely  within  one  voxel,  the  SAR  for  that  voxel  was  assigned  to  the  element. 
If  an  element  spanned  several  voxels,  a  simple  numerical  quadrature  procedure  was  applied  to  integrate  the 
power  density  over  the  element  and  derive  the  equivalent  SAR. 

The  heat  flow  was  modeled  using  the  bioheat  equation  (Pennes  1948): 

pc  —  =V.(kVT)+pS-pphcbco(T-Tb)  (1) 

ot 

together  with  the  boundary  conditions 
r)T 

k—=-{h,  +  hjT-T^)  (2) 

on 

where  p,  c,  k  and  a>  are  respectively  the  density,  specific  heat,  thermal  conductivity  and  blood  perfusion  rate,  T  is 
the  temperature  and  S  the  SAR.  The  suffices  “b”  and  “amb”  indicate  the  parameters  of  blood  and  the  ambient 
temperature.  The  radiative  and  convective  heat  transfer  coefficients  /?r  and  h,  may  vary  over  the  surface  of  the 
body.  However,  in  this  work  it  has  been  assumed  that  the  total  value  h  is  20  W  kg"1  for  the  cornea  (Lagendijk 
1982)  and  8  W  kg"1  elsewhere.  In  this  paper  all  results  are  shown  for  the  steady  state,  07701=0. 
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Choroidal  blood  flow 


Although  a  very  thin  layer,  the  choroid  has  a  particularly  high  blood  perfusion  rate,  which  is  necessary  to  supply 
the  oxygen  demands  of  the  retina.  This  has  a  significant  impact  on  the  temperature  distribution  in  the  posterior 
chamber  of  the  eye.  The  actual  value  and  distribution  of  choroidal  blood  flow  in  humans  is  still  a  matter  of 
debate.  Many  papers  have  used  a  model  of  the  eye  in  isolation  from  the  head,  and  a  boundary  condition  at  the 
surface  to  take  into  account  all  heat  losses  to  blood  in  the  choroid  and  surroundings  (Lagendijk  1982,  Scott 
1988a,b).  More  recently,  the  value  of  the  heat  transfer  coefficient  has  been  questioned.  It  is  not  clear  whether  the 
extrapolation  from  rabbit  to  human  models  is  valid.  The  anesthesia  used  in  the  original  study  may  have  had  a 
significant  effect  on  the  measured  blood  flow  (Kojima  et  al  2004). 

Despite  these  shortcomings,  the  isolated  eye  models  have  been  widely  used,  and  a  definitive  improvement  on 
this  approach  has  not  yet  been  forthcoming.  Therefore  the  model  in  this  study  has  been  designed  to  replicate  as 
closely  as  possible  the  effect  of  the  choroid  in  the  older  models,  while  adding  a  complete  model  of  the  head.  By 
examining  simple  analytical  models  of  planar  layers  or  concentric  spheres  it  is  possible  to  derive  an  “equivalent 
perfusion”  for  the  choroid  which  replicates  the  heat  loss  of  the  older  models  in  the  simplest  cases.  This  is  then 
applied  to  the  realistic  SAR  distribution  in  the  whole  head  model. 

First  consider  the  steady-state  one-dimensional  bioheat  transfer  problem  with  two  regions:  region  1  the 
“choroid”  (0<x<d),  and  region  2  the  “head”  (x>d).  Assume  a  known  heat  flux  F  incident  from  the  left  at  the 
interface  x=0.  In  each  region  the  temperature  rise  AT  can  be  expressed  as  a  sum  of  exponentials: 

AT  (jc)=  H;exp(a,x)+R/exp(-a,x)  (3) 


where  in  each  region  /=!  ,2 


a  =  PFbPFT 


(4) 


The  coefficients  At  and  B,  can  then  be  obtained  using  the  continuity  of  temperature  and  heat  flux  at  the  tissue 
interfaces.  Note  that  in  the  “infinite”  region  x>d  the  solution  cannot  have  an  exponentially  increasing  part,  so  it  is 
necessary  thatT2=0.  When  this  is  done,  we  have  a  relationship  between  heat  flux  F  and  A7T0): 


h  = 


F 

AT  { 0) 


klal 


k  j  a  jSint^a  ld)  +  k  2a  2cosh(a  l  d ) 
A:1a1cosh(a1r/ )+  A:2a2sinh(ajt/ ) 


(5) 


Assume  the  rest  of  the  “head”  contains  tissue  of  very  low  perfusion,  so  a2«0.  Then  in  order  to  generate  a  heat 
transfer  coefficient  of h=65  W  m"1  °C_1  (Lagendijk  1982)  it  is  necessary  to  set  ai=341  m",  or  ooi=l 6.3  ml  kg"1  s'1. 
If  the  “head”  contains  tissue  similar  to  fat,  (b2=:0.467  ml  kg"1  s"1  (Duck  1990,  Appendix  A).  Then  ai  must  have  a 
somewhat  smaller  value  of  284  m"1. 

It  is  possible  to  derive  a  similar  analytical  solution  for  a  more  realistic  spherical  model  of  the  eye,  where  the 
“eye”  is  the  region  r<a  and  the  “choroid”  is  a<r<a+d.  In  this  case 

I  _  k  j  [k{afa  +  A:2a2)sinh(a1r/)+  (k2aft2a  +  A:  ja  j  )cosh(a  jt/ ) 
a  &,a1cosh(a1r/)+  ^2a2sinh(a1r/) 

Interestingly,  the  change  from  planar  to  spherical  geometiy  has  a  major  effect  on  the  heat  transfer  coefficient. 
For  an  eye  of  radius  1.25  cm  surrounded  by  fat,  this  predicts  /?=67  W  m"1  °C"  even  when  ai=0.  This  means  that 
the  coefficient  proposed  by  Lagendijk  (1982),  65  W  m"1  °C,  could  be  entirely  accounted  for  by  a  sufficiently 
large  volume  of  relatively  low-perfusion  material  surrounding  the  eye.  Since  the  surroundings  include  higher- 
perfusion  tissues  such  as  muscle  and  brain,  and  the  choroid  itself,  it  seems  likely  that  the  true  value  of  the 
effective  h  is  considerably  higher  than  this. 

As  a  control  value,  this  paper  uses  a  blood  perfusion  rate  of  16.3  ml  kg"1  s"1  in  the  choroid.  Using  the  simple 
spherical  model  in  Equation  (6),  this  corresponds  to  /?=1 30  W  m"1  °C,  a  value  which  is  twice  that  used  in 
Lagendijk's  rabbit  model.  The  sensitivity  of  the  results  to  this  parameter  has  been  investigated  by  either 
doubling,  or  eliminating  entirely,  the  blood  flow  to  the  choroid. 


Results 

First,  several  computations  were  made  to  validate  different  aspects  of  the  method.  The  basic  configuration  was  a 
monopole,  radiating  at  380  MHz,  on  top  of  a  metal  box.  This  is  a  simplified  representation  of  the  Motorola 
MTP700  TETRA  handset  (Dimbylow  et  al  2003).  As  a  worst-case  scenario  the  handset  model  was  placed  as 
close  as  possible  to  the  eye  in  a  vertical  orientation. 
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There  was  some  concern  initially  that  the  5-cell  (1cm)  air  gap  between  the  objects  and  the  PML  layer  might  not 
be  sufficient  for  adequate  accuracy  in  the  FDTD  calculations.  Therefore  one  typical  calculation  was  performed 
with  both  a  5-cell  and  a  10-cell  gap.  However,  the  resulting  change  in  the  computed  SAR  averages  was  found  to 
be  less  than  1%.  It  was  therefore  concluded  that  the  5-cell  gap  was  indeed  adequate  for  the  present  study. 

Some  comparisons  were  done  to  investigate  the  effect  of  the  improvements  made  to  the  segmentation  of  the 
anatomical  model.  The  original  model  contained  muscle  in  place  of  the  cartilage  of  the  nose  and  the  orbital  fat 
behind  the  eyeball.  Inserting  the  orbital  fat  had  relatively  little  impact.  The  maximum  change  in  temperature  was 


Figure  1:  Finite  element  and  exact  solution  for 
temperature  in  a  sphere 

about  10%  of  the  peak  temperature  rise  in  the  eye.  A  similar  result  was  found  for  the  cartilage. 


The  finite  element  thermal  method  was  validated  by  comparison  with  the  exact  solutions  derived  by  Durkee  et  al 
(1990)  for  spherical  shell  models.  A  uniform  SAR  of  1  Wkg'1  was  injected  into  a  homogeneous  sphere  of 
muscle-equivalent  material  with  a  radius  of  5  cm.  The  arterial  blood  temperature  was  37°C,  the  ambient 
temperature  was  20  °C  and  the  convective  heat  transfer  coefficient  h  at  the  surface  was  8  W  m"1  0C_1.  Several 
finite  element  meshes  were  created  to  model  this  sphere.  These  meshes  each  had  a  nominal  resolution  of  2  mm. 
However,  one  (the  “conforming  mesh”)  was  chosen  to  conform  as  closely  as  possible  to  the  spherical  boundary. 
The  others  were  created  by  the  automeshing  procedure  (Wainwright  1999)  and  by  simply  subdividing  a  mesh  of 
cubical  voxels.  The  latter  meshes  do  not  have  a  continuous  normal  vector  at  the  surface,  and  as  a  result  the 
surface  area  is  somewhat  greater  than  that  of  the  real  sphere.  This  causes  a  slight  overestimate  of  heat  loss  from 
the  surface,  and  slightly  lower  predicted  temperatures  as  seen  in  . 

A  range  of  different  thermal  models  were  compared,  ranging  from  a  simple  analytic  solution  with  a  spherical 
“eye”,  to  a  finite-element  solution  in  an  anatomically  realistic  head.  This  comparison  shows  the  effects  of  the 
factors  which  are  included  at  each  stage  of  development  of  a  realistic  model.  The  differences  between  each 
model  and  the  next  can  be  explained,  and  this  provides  some  reassurance  that  the  final  finite-element  calculation 
correctly  implements  the  model.  Each  model  was  applied  to  a  test  case  consisting  of  a  uniform  SAR,  1  Wkg1, 
applied  within  the  eye  alone.  For  each  model,  the  maximum  and  minimum  AT  within  the  eyeball  was  calculated. 
The  maximum  occurs  at  or  near  the  centre  of  the  eyeball,  and  the  minimum  at  the  periphery. 

The  successive  models  were: 

1.  A  homogeneous  spherical  “eye”,  of  26mm  diameter.  A  constant  convective  heat  transfer 
coefficient  h=65  W  m'2  °C_1  was  assumed  at  the  surface  (Lagendijk  1982).  This  model  was 
solved  using  the  analytic  method  (Durkee  et  al  1990). 

2.  A  finite  element  model  containing  the  eye  tissues  only,  extracted  from  the  full  head  model, 
with  the  same  constant  h. 

3.  The  same  model  as  in  2,  but  using  a  different  coefficient  h=  20  W  m’2  °C_1  on  the  cornea 
(Lagendijk  1982). 

4.  The  complete  head  model,  with  SAR  in  the  eye  alone,  with  no  special  blood  supply  to  the 
choroid. 
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5.  The  complete  head  model,  with  SAR  in  the  eye  alone,  using  the  equivalent  choroidal  blood 
flow  suggested  above. 

The  results  are  shown  in  Table  1. 


Min.  AT 

(°C) 

Max.  AT 

(°C) 

1.  Spherical 

0.067 

0.114 

2.  Isolated  eye,  constant  h 

0.046 

0.110 

3.  Isolated  eye,  variable  h 

0.060 

0.135 

4.  Eye  in  head 

0.063 

0.137 

5.  Eye  in  head,  choroidal  BF 

0.031 

0.102 

Table  1:  Comparison  of  eye  models 


Good  agreement  is  seen  between  the  maximum  temperature  rise  in  models  1  and  2.  Errors  are  due  to  the  finite 
element  discretization,  as  discussed  above.  The  greatest  discrepancy  arises  in  those  areas  of  the  eye  surface 
where  the  staircasing  effect  is  most  noticeable.  The  difference  between  models  2  and  3  arises  from  the  reduction 
of  the  heat  transfer  coefficient  at  the  cornea.  The  temperature  profile  is  now  asymmetric,  with  the  maximum 
being  located  toward  the  anterior  part  of  the  eye. 

The  agreement  between  models  3  and  4  is  at  first  sight  the  most  surprising  feature  of  these  calculations,  because 
model  4  contains  no  special  blood  supply  for  the  choroid.  However,  this  result  does  agree  with  the  argument 
made  in  the  previous  section.  There  it  was  shown  that  the  fatty  tissue  surrounding  the  eye  has  a  sufficient  blood 
flow  to  generate  an  effective  heat  transfer  coefficient  of  67  W  m"1  °C_1,  nearly  equal  to  the  value  used  in  the 
isolated  eye  models.  Figure  2  shows  the  maximum  and  minimum  AT  in  the  eye  for  a  range  of  choroidal  blood 
perfusion.  The  central  value,  in  particular,  is  relatively  insensitive  to  this  value.  The  difference  between  the 
central  and  peripheral  temperature  is  almost  constant  because  there  is  a  constant  thermal  resistance  between  the 
centre  and  periphery;  this  cannot  be  eliminated  however  large  the  choroidal  perfusion. 


Perfusion,  ml  kg'1  s'1 

Figure  2:  Effect  of  choroidal  perfusion  on  AT 

Figure  3  shows  the  TETRA  handset  placed  as  close  as  possible  to  the  eye;  the  antenna  feed  point  is  2.4  cm  from 
the  surface  of  the  eye.  Only  the  metallic  parts  of  the  antenna  and  handset  are  shown  here.  The  handset  is  covered 
with  a  plastic  casing  and  this  prevents  it  from  being  moved  any  closer  to  the  eye.  In  the  following  figures,  this 
position  is  used  as  the  origin  for  displacements  of  the  antenna.  The  length  of  the  monopole  is  about  3U16,  where 
X  is  the  free-space  wavelength.  As  seen  from  the  figures  this  leads  to  quite  a  long  and  unwieldy  antenna  at  the 
TETRA  frequency,  380MHz.  A  more  compact  design  uses  a  helical  antenna  (Dimbylow  et  al  2003).  The 
temperature  and  SAR  quoted  here  have  been  calculated  for  an  antenna  input  power  normalized  to  1W.  In  order 
to  study  the  effect  of  frequency  on  the  temperature  distribution,  calculations  were  also  performed  using 
appropriately  scaled  monopole  antennas  at  the  GSM  frequencies,  900  and  1800MHz,  mounted  on  the  same  metal 
box. 

Figure  4  and  Figure  5  show  the  relative  SAR  profiles  for  the  TETRA  monopole  handset  located  at  2.4  cm  and  at 
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8.4  cm.  The  greyscale  values  are  not  to  the  same  scale.  In  Figure  4  the  maximum  (white)  represents  4  W  kg"1, 
while  in  Figure  5  it  represents  1  W  kg'1.  It  can  be  seen  here  that  when  the  handset  is  held  well  away  from  the 
face  the  maximum  SAR  occurs  not  in  the  eye  but  in  superficial  structures  such  as  the  nose.  Also,  for  a  distant 
source,  the  SAR  distribution  in  the  eye  becomes  much  more  uniform,  since  the  penetration  depth  at  380MFlz  is 
comparable  to  the  eye  size. 


Figure  3:  TETRA  handset  close  to  eye 


Figure  4:  TETRA  at  2.4cm  Figure  5:  TETRA  at  8.4cm 


An  investigation  was  made  into  the  relative  contributions  made  to  the  temperature  rise  by  the  SAR  inside  and 
outside  the  eye.  A  plot  of  temperature  rise  along  the  central  AP  axis  of  the  eye  (Figure  6)  shows  heat  conduction 
from  outside  the  eyeball  accounts  for  about  40%  of  the  temperature  rise  in  the  lens.  A  detailed  examination  of 
the  SAR  and  temperature  profiles  (not  shown)  has  been  done  and  reveals  that  this  heat  comes  mainly  from  the 
orbital  muscles  above  and  below  the  eye. 

Figure  7  shows  the  temperature  rise  along  the  central  axis  of  the  eye  for  various  values  of  the  choroidal  perfusion 
rate.  The  middle  curve  is  for  the  control  value;  the  other  curves  show  AT  for  the  case  of  no  perfusion  or  of 
double  perfusion.  As  previously  seen  in  Figure  2,  it  is  apparent  that  increments  in  the  perfusion  rate  become 
successively  less  effective,  and  in  fact  that  AT  for  the  lens  converges  to  a  nonzero  value. 

Figure  8  shows  the  central  axis  temperature  rises  for  TETRA  monopole  and  helical  antennas,  and  GSM900  and 
GSM1800  monopole  antennas  (with  appropriately  scaled  size)  mounted  on  the  same  metal  box.  The  profiles  are 
very  similar.  The  main  difference  arises  from  the  fact  that  the  penetration  depth  is  smaller  at  1800MFlz,  and 
therefore  in  this  case  the  temperature  rise  is  noticeably  more  peaked  in  the  anterior  part  of  the  eye. 

Table  2  summarises  the  SAR  averages  and  temperature  rises  obtained  for  three  frequencies,  two  antenna  types 
and  two  values  of  the  antenna-eye  distance.  The  ICNIRP  basic  restriction  (ICNIRP  1998)  is  framed  in  terms  of 
the  maximum  SAR  average  over  any  lOg  of  tissue  in  the  head.  Flowever,  also  listed  is  the  average  over  the  eye 
alone,  which  has  been  calculated  by  other  authors  (Flirata  2005).  The  maximum  AT  is  always  found  near  the 
posterior  pole  of  the  lens.  For  sufficiently  small  values  of  SAR  and  AT,  thermoregulatory  changes  to  blood  flow 
are  negligible  and  the  relationship  between  these  quantities  is  therfore  linear.  The  slope  of  this  linear  curve  is 
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also  shown  in  the  table,  using  both  the  ICNIRP  SAR  average  and  the  eye  averaged  SAR. 


Figure  6:  Contribution  of  internal  and  external  Figure  7:  AT for  various  values  of  choroidal 
SAR  to  AT  perfusion  rate 


Figure  8:  Temperature  rises  for  various  antenna  types 
and  frequencies 
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SAR 

eye 

(W  kg1,  ~10g) 

SAR,  , 

head 

(W kg1,  lOg) 

Max.  AT(eye) 
(°C) 

AT 

AT 

SAR ^ 

SAR  w 

Monopole,  380MHz,  24mm 

1.73 

2.95 

0.33 

0.19 

0.11 

Monopole,  380MHz,  84mm 

0.42 

0.85 

0.077 

0.18 

0.09 

Helix,  380MHz,  24mm 

2.35 

3.97 

0.44 

0.19 

0.11 

Helix,  380MHz,  84mm 

0.51 

1.04 

0.09 

0.18 

0.09 

Monopole,  900MHz,  24mm 

1.65 

2.71 

0.31 

0.19 

0.11 

Monopole,  900MHz,  84mm 

0.09 

0.55 

0.017 

0.18 

0.03 

Monopole,  1800MHz,  24mm 

2.97 

4.00 

0.55 

0.19 

0.14 

Monopole,  1800MHz,  84mm 

0.24 

0.70 

0.043 

0.18 

0.06 

Table  2:  Temperature  rise  and  SAR  summary 


When  the  eye-averaged  SAR  is  10W  kg"1,  the  temperature  rise  in  the  eye  is  generally  greater  than  1°C  but  less 
than  2°C.  However,  when  the  ICNIRP  occupational  exposure  restriction  is  respected  (10W  kg"1  in  the  head),  the 
temperature  rise  in  the  eye  is  limited  to  about  1°C  for  all  the  TETRA  exposures.  However,  it  might  reach  1.4°C 
if  an  antenna  at  1800MHz  were  held  very  close  to  the  eye. 


Summary 

These  calculations  have  shown  that  the  temperature  rise  in  the  eye  is  due  not  only  to  the  energy  directly  absorbed 
by  the  eye  tissues,  but  also  by  heat  conduction  from  adjacent  tissues  which  also  absorb  significant  energy  from 
the  electromagnetic  field.  In  some  cases,  about  40%  of  the  temperature  rise  in  the  lens  can  be  attributed  to 
conduction  from  tissues  outside  the  eye.  Some  studies  have  cited  the  SAR  average  over  the  eye  as  a  predictor  of 
thermal  effect.  This  is  because  the  mass  of  the  eye  is  similar  to  the  lOg  averaging  mass  specified  by  ICNIRP. 
However,  the  present  results  show  that  the  absorption  in  the  orbital  muscles  must  also  be  taken  into  account. 
Under  most  circumstances  the  SAR  average  over  the  eye  is  substantially  lower  than  the  maximum  SAR  average 
in  the  head.  Then,  if  the  ICNIRP  occupational  exposure  restriction  is  followed  (10  W  kg'1  in  the  head),  the 
temperature  rise  in  the  eye  is  generally  less  than  about  1°C  .  However,  at  1800MHz,  it  is  theoretically  possible  to 
place  an  antenna  very  close  to  the  eye  and  to  produce  larger  temperature  rises  in  the  anterior  part  of  the  eye. 
However,  this  is  still  below  the  threshold  which  has  been  determined  for  cataractogenesis  under  acute  exposures. 
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Abstract 

Hodgkin-Huxley  model,  describing  generation  of  action  potentials  in  the  nerve  cell  membranes  has  been  used  for 
appreciation  of  the  possible  EMF  influence  mechanisms  on  the  brain  own  electric  activity.  The  carried 
calculations  have  shown  that  at  simultaneous  passing  through  a  nerve  cell  of  action  potentials  and  external  ac, 
suppression  of  the  own  excitation  pulses  is  possible  starting  from  the  certain  level  of  the  external  current  value, 
which  depends  on  its  frequency.  To  avoid  such  suppression  of  action  potentials,  their  levels  may  be  increased 
relatively  minimum  limit  level.  It  may  be  supposed  that  brain  "tunes  up"  its  work  at  presence  of  external  ac, 
increasing  amplitudes  of  its  own  excitation  signals  so  that  their  suppression  does  not  occur.  It  is  possible  also 
that  this  "tuning"  acts  some  time  after  external  EMF  removing  while  brain  adapts  again  to  its  absence,  as  it  is 
observed  in  experiment. 


1.  Introduction. 

There  are  studies  connected  with  influence  of  electromagnetic  fields  (EMF)  on  the  activity  of  cerebrum  of 
animals  (see  for  instance  [1])  and  people  (see  for  instance  [2-5]).  As  it  is  shown  in  these  works,  low  frequency  or 
amplitude  modulated  radio-frequency  EMF  of  the  defined  strength  and  frequency  may  influence  bioelectrical 
activity  of  mammals’  cerebrum.  It  is  expressed  in  changes  observed  by  means  of  electroencephalography  (EEG) 
[1-5].  However,  literature  data  on  the  character  of  the  EMF  influence  are  discrepant.  Thus,  it  is  mentioned  about 
blocking  of  cerebrum  bioelectrical  activity  upon  action  of  magnetic  field  with  10  Hz  frequency  and  0.1  mTji 
stress  [4].  At  the  same  time  it  is  shown  in  [2]  that  influence  of  the  magnetic  field  with  frequency  f=0-500  Hz  and 
0.2  mTji  magnetic  field  stress  was  expressed  in  increase  of  the  potential  levels,  registered  by  EEG  after  lifting  of 
the  exposure.  It  is  shown  in  [3]  that  magnetic  fields  of  60  Hz  frequency  and  1  Ga  stress  cause  reliable  change  of 
EEG  of  people  after  lifting  of  the  exposure. 

As  it  is  shown  in  [6],  heterogeneity  of  the  electrical  properties  of  cortex  tissues  and,  in  particular  presence  of  the 
intercellular  fluid,  leads  to  low  frequency  filtration  of  electromagnetic  field.  As  a  result,  EEG  has  only  low 
frequency  components.  It  is  possible  that  the  answer  of  the  cerebrum  neurons  to  the  influence  of  radio- frequency 
electromagnetic  fields  is  suppressed  also  by  the  low  frequency  filter,  which  serves  cerebrum  intercellular  fluid, 
so  it  is  not  registered  by  EEG.  However,  influence  on  the  people’s  EEG  of  high  frequency  electromagnetic  fields 
in  the  limited  time  diapason  t  <  300  ms  after  lifting  of  the  exposure  has  been  fixed  [5]. 

The  purpose  of  this  work  is  estimation  of  the  parameters  of  electrical  processes  in  the  membrane  of  a  brain 
neuron  for  evaluation  of  the  limit  levels  of  current  density,  induced  as  a  result  of  external  EMF  application, 
which  do  not  influence  own  bioelectric  processes,  occurring  at  normal  cortex  operation  in  absence  of  an  external 
EMF.  To  understand  the  mechanism  of  EMF  influence  on  the  own  electrical  activity  of  cerebrum,  it  is  suggested 
to  use  simple,  but  demonstrative  Hodgkin-Huxley  model  [7],  describing  passage  of  bioelectric  pulses  through  the 
neuron  membrane. 
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2.  Evaluation  of  the  neuron  membrane  charges  and  potentials  at  external  current  flow. 

Let’s  consider  influence  of  the  external  EMF  on  the  cellular  level.  The  author  of  [8]  has  made  estimation  of  Qr  - 
charge  density  of  the  cell  membrane:  QR=Vm-Cm,  where  Cm=10'2  F/m2  -  specific  membrane  capacitance, 
Vm=-60  mV  -  resting  potential  of  the  membrane:  Qr~6T0’4  K/m2.  Let’s  evaluate  Qp  -  value  of  the  charge  density 
in  brain  tissues  at  flowing  in  them  of  the  normalized,  for  instance  in  [9],  permitted  level  of  current  density 
Jp=10  mA/m2  at  f  <  1000  Flz:  |Qp|=]Jp|/ co  .  For  industrial  frequency  50  FIz  |Qp|~0.3T0'4  K/m2,  i.e.  makes  up  about 
5  %  from  Qr.  For  lower  frequencies,  for  instance  10  Flz,  as  in  the  experiments  described  in  [1,2],  |Qp|  is  even 
greater:  |Qp|~0.16T0"3  K/m2,  i.e.  makes  up  nearly  27  %  from  QR.  Such  a  change  of  charge  may  influence  own 
electrical  processes,  occurring  at  cerebrum  functioning. 

Let’s  perform  evaluative  calculations  of  the  levels  of  potential,  appearing  in  intercellular  medium  and  membrane 
of  a  nervous  cell  at  flowing  in  the  cerebrum  tissues  of  the  very  low  frequency  (f<  1000  Flz)  current  with  the 
density  Jcxt=10  mA/m2,  equal  to  the  permitted  level.  It  is  necessary  to  take  into  account  that  an  external  current 
Jext  passes  both  through  the  membrane  and  through  the  nucleus  of  the  cell.  Let’s  consider  that  specific 
conductivity  of  the  intercellular  fluid  does  not  exceed  y  i  ~  0,03  -0,1  C/m  at  frequencies  f<  100  Flz  (see  for 

instance  [10]).  Then  G  ’  -  conductivity  of  the  intercellular  medium  corresponding  to  the  unit  area,  makes  up: 

G;  =01/8=7,  -S/(L  S)~10  S/m~  (at  L~10"  m  -  transverse  size  of  a  cell,  S  -  the  area  of  a  cell).  At  the  same  time, 
capacitive  conductivity  of  a  membrane,  corresponding  to  a  unit  area  at  frequency,  for  instance  10  Flz,  is  equal  to: 

co  -Cm  =  co-Cm/S~0,6  S/m  .  So,  at  outside  current  J  flowing,  Ohm’s  law  for  a  cell  membrane  and  intercellular 

*  * 

medium  may  be  expressed  as  follows,  taking  into  account  that  G ;  » co  -C  m  : 

U  =  Iext-[l/(co  -CJ+l/GJ  =  Iext-S  [l/(co  •Cm-S)+l/(Gm-S)]  =  Jext  [l/(co  -C^  )+l/G*]  ~  Jext/(co  -C*m  )  ~  16  mB, 
where  Iext  -  external  current. 

Thus,  at  very  low  frequencies  of  the  external  current  flowing  through  a  cell,  the  main  drop  of  voltage  is  in  its 
membrane  (see  [8]  also).  So,  at  flowing  of  the  induced  by  external  sources  current  with  density  10  mA/m2,  which 
is  normalized  as  permitted,  drop  of  voltage  in  a  membrane  may  reach  16  mV  at  f=10  Flz  and  about  3  mV  at 
f=50  Hz. 

The  same  result  may  be  obtained  at  evaluation  of  the  field  problem.  In  ID  approach:  J;=Jm=Jext  (where  J,  -  current 
density  in  the  intercellular  medium;  Jm  -  current  density  in  the  cell  membrane)  and  Ji=  y  i'Ei;  Jm=j- co  '£-£o'Em 
(where  E,  -  electric  field  stress  in  the  intercellular  medium,  Em  -  electric  field  stress  in  the  cell  membrane,  £=81). 
From  this  y  -lE^s-So'  co  -|Em|.  For  very  low  frequencies  Em»E;,  thus  for  f=10  Hz  and  y,  =0.1  S/m: 

Em|  =  |E,|-[y1/(£-£0-co)]~|E1|-0.2-107.  (1) 

General  fall  of  voltage  in  a  cell: 

Uc=  dm-|Em|  +  di-|Ei|,  (2) 

where  d;  -  thickness  of  a  cell  (d;  ~  10"3  m);  dm  -  membrane  thickness  (dm  ~  10"8  m). 

Substituting  (1)  in  (2),  we  get:  Uc  =  |Em|-(10"8+10"5-5T0"7),  thence  Em-dm  ~  Uc.  As  a  result  we  get: 

Um~Uc~[Jex,/(  £'£o'  co  )]‘dm, 

where  Um-  voltage  drop  in  a  membrane, 
that  at  f=  10  Hz  gives  Um  ~  16  mV. 

Considering  that  this  value  has  the  same  order  as,  for  instance  potential  difference,  caused  by  the  presence  of  K1 
ions  inside  a  cell,  EK  ~  -12  mV  (see  for  instance  [11]),  such  change  of  the  membrane  potential  may  cause  change 
of  its  conductivity  to  K1  ions. 
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3.  Calculations  with  the  help  of  Hodgkin-Huxley  model. 

Let’s  use  the  known  Hodgkin-Huxley  model  [7]  describing  electric  processes  in  the  membrane  of  neuron  (see 
fig.  1).  The  equivalent  electrical  circuit  of  a  patch  of  the  axon  membrane  is  shown  in  fig.  2. 


Fig.  1.  A  real  neuron. 


Fig.  2.  Equivalent  electrical  circuit  of  a  patch  of  axon. 

It  is  known  that  high  concentration  of  potassium  ions  as  well  as  low  concentration  of  sodium  and  chlorine  ions 
exists  inside  a  neuron  cell  in  the  state  of  rest.  The  membrane  of  a  cell  performs  the  role  of  a  barrier,  preventing 
ions  penetration  from  the  intercellular  medium  inside  a  cell  and  vice  versa.  The  rest  potential  Em  settles  in  a  cell 
membrane  as  a  consequence  of  presence  on  its  both  sides  of  different  concentration  of  Na+  and  K+  ions.  If  it  is 
considered  that  membrane  potential  V  is  equal  to  0  in  the  rest  state,  EK~-12mV,  ENa~115mV, 
Erest~  10.613  mV,  Gm~3Sm/m2,  Cm~10'2F/m  (see  for  instance  [11]),  where  EK  -  potential  difference, 
connected  with  presence  of  potassium  ions  inside  a  cell;  ENa  -  potential  difference,  connected  with  presence  of 
sodium  ions  inside  a  cell;  Erest  -  value,  chosen  by  calculations,  which  provides  equality  to  zero  of  the  membrane 
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potential  in  the  rest  mode;  Gk  -  conductivity  of  a  unit  area  to  K1  ions;  GNll  -  conductivity  of  a  unit  area  to  Na1 
ions;  Gm  -  leak  conductivity  of  a  unit  area;  Cm  -  membrane  capacity  of  a  unit  area  (see  fig.  2). 

Let’s  take  into  account  presence  in  the  equivalent  circuit  of  a  cell  of  the  additional  current  sources,  imitating 
current  of  axon  excitation,  as  well  as  current,  running  in  cortex  at  application  of  an  external  EMF.  As  all 
quantities  in  the  equivalent  scheme  are  expressed  as  specific  values,  we  suppose  that  external  source  is 
characterized  by  density  Jext  and  frequency  f,  and  the  source  of  axon  excitation  current  is  characterized  by 
density  Jax  and  duration  x ax. 

It  is  supposed  in  Hodgkin-Huxley  model  that  full  current  through  a  membrane  consists  of  a  capacitive  current,  as 
well  as  conductivity  currents  of  K+,  Na+  ions  and  leak  current  through  active  resistance  of  a  membrane. 
Nonlinear  dependencies  of  the  conductivities  to  K1  and  Na1  ions  relatively  the  value  of  the  membrane  voltage  V 
are  entered  in  this  model.  These  dependencies  assume  that  transition  from  non-conducting  state  of  a  membrane 
to  its  conducting  state  occurs  at  certain  voltage  on  the  membrane.  According  to  Hodgkin-Huxley  model,  this 
transition  complies  with  the  first-order  kinetics.  The  equation  of  such  transition  for  K  ions  may  be  written  down 
as  follows: 


—  =  ^(T)  •  [an ( V)  •  (1  -  n)  _  pn (V)  ■  n] , 
dt 


(3) 


where  <()(t)  =  3IT  631,10  -  coefficient  depending  on  the  temperature;  T  -  temperature  in  the  Celsius  degrees;  an(V), 
P  n(V)  -  coefficients  depending  on  the  voltage  level. 

Specific  conductivity  to  potassium  ions  GK  is  supposed  to  be  equal  to  GK  =GK-n4  ( GK  =36  mS/cm2),  and 
coefficients  an(V),  Pn(V)  are  written  as  follows: 


an(V) 


_ 10-V _ . 

100  •  {exp[(10  -  V)  / 10]  - 1}  ’ 


Pn  (V)  =  0. 125  •  exp(-V /  80) , 


where  V  -  in  millivolt. 

Specific  conductivity  to  sodium  ions  GNa  is  written  in  the  form  GNa  =  GNa  -m3  h  (GNa=120  mS/cm2),  and  it  is 
supposed  also  that  transition  from  m  condition  to  (m-1)  condition  and  from  h  to  (h-1)  condition  also  complies 
with  the  first-order  kinetics: 


dm 

"dt” 


<KT)  •  [am  (V)  •  (1  -  m)  -  pm  ( V)  •  m] ; 


—  =  <KTMah(V)-C-h)-Ph(V)-h], 
dt 


where  am  (V),  pm(V),  a  h(V),  Ph(V)  -  coefficients  depending  on  the  voltage  level. 
Coefficients  am(V),  Pm(V),  ah(V),  Ph(V)  are  written  as  follows: 


am(V)  = 


_ 25- V _ . 

1 0  •  {exp[(25  -  V )  / 1 0]  - 1}  ’ 


P„,  (V)  =  4  ■  exp(-V  / 1 8) ; 


ah (V)  =  0.07  •  exp(-V / 20) ; 


P„(V) 


1 

exp[(30- V)/10]  +  l  ’ 


(4) 

(5) 


where  V  -  in  millivolt. 

Let’s  write  down  the  equation  for  all  current  densities,  flowing  through  a  membrane  (equivalent  scheme  is 
shown  in  fig.  2): 


C 


dV  ^ 

- =  tj , 

dt 


•h-(ENa-V)  +  G8 


•  (EK  -  V)  +  Gm  •  (Vrest  -  V)  +  JM  +  J“ 


(6) 
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Let’s  replace  derivatives  in  the  expressions  (3)-(6)  by  their  differential  analogues  and  express  volumes  of  the 
sought  functions  at  the  time  step  t  for  T=6.3°  C  as  follows: 

n  n,-A«.(Vl)'Al  .  m  m,-A,+«m(V,)-At  . 

'  1  +  At  •  [an(Vt )  +  p„  (V,)]  ’  '  l  +  At-[am(Vt)  +  Pm(Vt)]  ’ 

h  h,_A,  +a„(V,)-At  .  v  _  V,_A,  •  Cm  /  At  +  GNa  ■  m3  •  h -  EN,  +  GK  •  nL  EK  +  Gm  ■  Vres,  +  Jm (t)  +  J" 

'  l  +  At-[ah(Vt)  +  Ph(Vt)]  ’  *  Cm/At  +  GNa-m3-h  +  GK-n4+Gm 

where  At  [ms]  -  step  in  time  domain;  Cm  [pF/cm2];  Jext,  Jax  [pA/cm2];  GK  ,  GNa  [mS/cm2];  V  [mV]. 

The  obtained  system  of  nonlinear  equations  was  solved  by  the  iterative  method  in  each  time  step.  The  value  of  At 
was  chosen  equal  to  0.01  ms. 

An  example  of  the  calculated  axon  membrane  voltage  at  application  to  it  of  the  excitation  current  with  density 
J  min =  14  pA/cm2  and  duration  t  ax  =  0.5  ms  is  shown  in  fig.  3. 


mV  V 


The  calculated  dependencies  of  n,  m,  h  change  in  time  domain  for  this  case  are  presented  in  fig.  4. 
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It  is  known  that  excitation  potentials  with  certain  periodicity  are  generated  in  an  axon  at  application  of  an 
external  dc.  The  same  phenomenon  is  present  also  at  application  of  an  external  ac.  The  calculated  boundary 
levels  of  the  external  currents  densities  J  “ ' ,  and  J  ,  such  that  presence  of  an  external  field  does  not  cause 
appearance  of  induced  excitation  potentials  in  an  axon  if  Jext  <  J ,  but  potentials  with  certain  periodicity 
depending  on  Jext  value  are  generated  in  an  axon  if  Jext  >  J  are  presented  in  the  table  for  different  frequencies. 
Generation  of  a  single  induced  excitation  pulse  or  a  transition  stage  occurs  at  J  <  Jext  <  J  ,”2 . 


Table. 


f  [Hz] 

J“  [mA/m2] 

J“2  [mA/m2] 

10 

50 

60 

30 

20 

25 

50 

15 

20 

100 

20 

30 

1000 

65 

70 

Calculated  changes  in  time  domain  of  the  potentials  in  the  neutron’s  membrane  at  application  of  the  external 
current  of  10  Hz  frequency  with  the  amplitude  60  mA/m2  and  100mA/m2  are  presented  in  fig.  5  and  6 
correspondingly. 


mV  V 


Fig.  5.  Dependence  of  the  axon  membrane  voltage  from  time  at  flowing  of  the  external  current  with 

frequency  10  Hz  and  amplitude  60  mA/m2. 

mV  V 


Fig.  6.  Dependence  of  the  axon  membrane  voltage  from  time  at  flowing  of  the  external  current  with 

frequency  10  Hz  and  amplitude  100  mA/m2. 
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As  carried  calculations  have  shown,  at  simultaneous  passage  through  an  axon  of  an  external  current  Jext,  as  well 
as  axon  excitation  current  J'lx,  starting  from  the  defined  level  of  an  external  current,  depending  on  its  frequency, 
suppression  of  the  excitation  pulses  occurs  if  they  pass  through  the  axon  membrane  during  negative  half-waves 
of  external  current  (see  fig.  7  moment  ti).  The  same  external  current  does  not  affect  excitation  pulses  if  they 
appear  during  positive  half-waves  (see  fig.  7  moment  t2).  The  carried  calculations  have  shown  that  current 
caused  by  the  presence  of  external  field  ceases  to  suppress  brain  own  excitation  pulses  only  when  Jext  <  J  ™(1 
(where  J'”0  -  limit  level  of  current  density).  For  the  industrial  frequency  of  50  Flz  this  limit  level  is  equl  to: 
J  =1.5  mA/m2,  for  other  frequensies  it  should  be  calculated. 

mV  V 


Fig.  7.  Dependence  of  the  axon  membrane  voltage  from  time  at  flowing  of  the  external  current  with 
frequency  50  Hz  and  amplitude  10  mA/m2  and  simultaneous  flowing  of  excitation  pulses  of  amplitude 

Jex,=14  pA/cm2  in  the  moments  t1?  t2. 

It  was  obtained  from  the  calculations  also  that  to  prevent  suppression  of  brain  own  excitation  pulses  by  the 
external  current  of  permitted  density  Jext  =10  mA/m2,  their  levels  should  be  increased  up  to  Jax  =  18  pA/cm2  - 
approximately  on  30  %  relatively  the  minimum  limiting  level  of  J“n  =  14  pA/cm2  at  which  excitation  pulses  of 
duration  1“  =  0.5  ms  still  pass  (see  fig. 8). 

mV  V 


Fig.  8.  Dependence  of  the  axon  membrane  voltage  from  time  at  flowing  of  the  external  current  with 
frequency  50  Hz  and  amplitude  10  mA/m2  and  simultaneous  flowing  of  excitation  pulses  of  amplitude 

Jcxt  =  18  pA/cm2  in  the  moments  t,,  t2. 
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From  certain  level  of  external  current  density,  full  suppression  of  the  own  brain  electrical  activity  has  been 
observed  in  the  calculations.  It  may  be  a  cause  of  the  analgesic  effect  during  application  of  the  external  low 
frequency  EMF  due  to  blocking  of  action  potential  propagation. 

Thus,  from  an  example  of  simple  calculations,  it  may  be  seen  that  at  certain  conditions  of  irradiation,  flowing 
through  the  membrane  of  axon  of  the  low  frequency  external  ac  can  cause  suppression  of  the  own  excitation 
signals  passing  through  the  membrane.  It  can  cause  also  generation  of  the  induced  excitation  signals,  as  well  as 
increase  of  the  levels  of  brain  own  excitation  potentials  so  that  they  would  not  be  suppressed  by  the  presence  of 
external  current,  i.e.  all  phenomena  observed  in  experiment  (see  [1-5]). 

Conclusions. 

1.  As  calculations  with  the  help  of  Hodgkin-Huxley  model  have  shown,  flowing  through  nervous  cells  of  current 
with  density  10  mA/m2  and  frequency  f<  100  Hz  in  absence  of  own  brain  excitation  pulses  does  not  cause 
appearance  of  the  induced  excitation  potentials.  However,  simultaneous  flowing  through  an  axon  of  the  external 
very  low  frequency  current  J  <  Jext  <  10  mA/m2  and  excitation  pulses  can  cause  suppression  of  the  excitation 
pulses,  moreover  minimum  low  frequency  current  at  which  this  phenomenon  still  exists,  corresponds 
approximately  to  50  Hz,  i.e.  the  most  wide-spread  industrial  frequency. 

2.  It  is  possible  that  at  presence  of  the  external  very  low  frequency  current,  which  density  level  lays  in  the  limits: 
J“o  <JeXl<J“!  including  smaller  or  equal  to  the  permitted  level,  brain  "adjusts"  its  work  so  that  suppression  of 
its  own  excitation  signals  does  not  occur,  enlarging  amplitude  of  these  signals:  Jax  >  J  .  It  is  possible  also  that 
this  "tuning"  acts  some  time  after  removal  of  the  external  EMF  while  brain  will  not  adapt  again  to  the  EMF 
absence,  as  it  was  observed  in  experiment  when  EEG  levels  were  greater  some  time  after  lifting  of  the  low 
frequency  EMF  irradiation  [2].  It  may  be  also  a  cause  of  pain  and  sensitivity  thresholds  decrease  some  time  after 
removal  of  the  low  frequency  magnetic  field  exposure  (see  [12])  as  at  greater  levels  of  action  potentials  brain 
may  be  more  sensitive  to  lower  levels  of  external  pain  effects. 

References 

[1]  Bell  G.,  Marino  A.,  Chesson  A.,  Struve  F.,  “ Electrical  states  in  the  rabbit  brain  can  be  altered  by  light  and 
electromagnetic  fields”.  Brain  Research,  v.  570,  p.  307-315,  1992. 

[2]  Cook  C.M.,  Thomas  A.W.,  Prato  F.S.,  “ Resting  EEG  is  affected  by  exposure  to  a  pulsed  ELF  magnetic 
field”.  Bioelectromagnetics,  v.  25,  p.  196-203,2004. 

[3]  Marino  A.A.,  Nilsen  E.,  Chesson  Jr  A.L.,  Frilot  C.,  “ Effect  of  low-frequency  magnetic  fields  on  brain 
electrical  activity  in  human  subjects”.  Clinical  Neurophysiology,  v.  115,  p.  1195-1201,  2004. 

[4]  Bell  G.,  Marino  A.,  Chesson  A.,  ‘‘Frequency-specific  blocking  in  the  human  brain  caused  by 
electromagnetic  fields”,  NeuroReport,  v.  5,  No  4,  p.  510 — 512,  1994. 

[5]  Marino  A. A.,  Nilsen  E.,  Frilot  C.,  ‘‘Nonlinear  changes  in  brain  electrical  activity  due  to  cell  phone 
radiation  ”,  Bioelectromagnetics,  v.  24,  p.  339-346,  2003. 

[6]  Bedard  C.,  Kroger  H.,  Destexhe  A.,  ‘‘Modeling  extracellular  field  potentials  and  the  frequency-filtering 
properties  of  extracellular  space” ,  Biophysical  Journal,  v.  86,  p.  1829-1842,  2004. 

[7]  Hodgkin  A. I.,  Huxely  A.F.,  “A  quantitative  description  of  membrane  current  and  its  application  to 
conduction  and  excitation  in  nerve”,  J.  Physiol,  v.  117,  p.  500-544,  1952. 

[8]  Adair  R.K.,  “Biophysical  limits  on  athermal  effects  of  RF  and  microwave  radiation  ”, 
Bioelectromagnetics,  v.  24,  p.  39-48,  2003. 

[9]  “Board  statement  on  restrictions  on  human  exposure  to  static  and  time  varying  electromagnetic  fields  and 
radiation  ”,  Documents  of  the  NRPB,  Chilton.  Didcot.  Oxon,  v.  4,  No  5,  69  p.,  1993. 

[10]  Gabriel  S.,  Lau  R.W.,  Gabriel  C.,  “The  dielectric  properties  of  biological  tissues:  II.  Measurements  in  the 
frequency  range  10  Hz  to  20  GHz”,  Phys.  Med.  Biol.,  v.  41,  p.  2251-2269,  1996. 

[11]  Peasgood  W.,  Dissado  L.A.,  Lam  C.K.,  Armstrong  A.,  Wood  W.,  “A  novel  electrical  model  of  nerve  and 
muscle  using Pspice”,  J.  Phys.  D:  Appl.  Phys.,  v.  36,  p.  311-329,  2003. 

[12]  Ghione  S.,  SeppiaC.,  Mezzasalma  L.,  EmdinM.,  Luschi  P.  “Human  head  exposure  to  a  37  Hz 
electromagnetic  field:  effects  on  blood  pressure,  somatosensory  perception  and  blood  parameters” 
Bioelectromagnetics,  v.  25,  p.  167-175,  2004. 


179 


EFFECT  OF  A  SPECIALLY  PULSED  MAGNETIC  FIELD 
ON  WOUND  HEALING  IN  RAT  SKIN 

*OZLEM  ULUKUT 


*SELCUK  COMLEKCI 

*SULEYMAN DEMIREL  UNIVERSITY,  FACULTY  OF  ENGINEERING,  DEPARTMENT  OF 
ELECTRICAL  &  COMMUNICATIONS  ENGINEERING,  32260,  CUNUR,  ISPARTA, 

TURKEY 


e-mail :  oulukut@mmf.sdu.edu.tr  e-mail  :scom@mmf. sdu.edu.tr 


Abstract 

The  exact  mechanism  by  which  electromagnetic  fields  affect  bone  and  other  tissues  has  yet  to  be  cleared.  Several 
mechanisms  have  been  proposed,  among  them  changes  in  cellular  ionic  calcium,  modified  receptor  and 
messenger  behavior,  increased  synthesis  or  degradation  of  substances,  and  even  direct  interaction  with  genes. 
Several  in  vivo  studies  were  conducted  to  evaluate  the  effect  of  pulsed  electromagnetic  field  (PMF)  on  the 
healing  of  skin  wounds  in  rats.  Variable  results  were  reported.  In  some  of  these  studies,  exposure  of  wounds  to 
PMF  resulted  in  a  higher  rate  of  wound  contraction  (WC),  enhanced  cellular  organization,  and  earlier  collagen 
formation  and  maturation.  Flowever,  several  other  reports  failed  to  show  any  beneficial  effect  of  PMF  on  the 
healing  of  skin  wounds  in  rats.  The  aim  of  this  study  was  to  investigate  the  possible  effects  of  a  specially  pulsed 
magnetic  field  (PMF)  on  skin  wound  healing  in  rats.  Thirty  male  Sprague-Dawley  male  rats  were  used  in  this 
study.  After  anaesthetizing  and  shaving  a  paired  full  thickness  incision  wound  (30  mm  in  length)  was  made  on 
each  side  of  the  dorsal  midline  of  the  rats.  The  rats  were  randomly  divided  into  three  groups  each  containing  10 
rats.  Control  and  two  treatment  groups  which  were  exposed  to  0.45  ms  pulse  rates  of  2.2  kHz.  Treatment  group  1 
were  exposed  PMF  (5  mT)  for  30  min  a  day  for  seven  days  and  treatment  group  2  were  exposed  PMF  (2.5  mT)  1 
hour  a  day  for  seven  days  after  surgery.  Control  group  were  subjected  to  the  same  procedure,  but  with  the  PMF 
device  not  activated. 

Key  words:  PMF,  wound  healing 

Introduction 

The  process  of  regeneration  and  repair  following  injury  represents  one  of  the  most  fundamental  defense 
mechanisms  of  an  organism  against  environmental  damage.  Biological  processes  such  as  inflammation, 
proliferation,  wound  contraction  and  remodeling  lead  to  the  scar  formation.  Certain  systemic  diseases,  such  as 
injuries  to  the  nervous  system,  metabolism  and  aging,  have  negative  influence  on  the  healing  process,  and  lead  to 
chronic  wound  formation.  The  use  of  pulsed  magnetic  field  (PMF)  for  selective  control  of  cellular  function  has 
given  biology  and  medicine  a  new  dimension.  PMF  stimulators  with  different  characteristics  were  designed  to 
induce  voltages  similar  to  those  produced  normally,  during  mechanical  deformation  of  connective  tissue. 
Researchers  have  used  PMF  stimulators  to  promote  healing,  but  the  results  differ  significantly  from  one  another 
and  there  are  discrepancies  between  the  uses  of  PMF  parameters.  Further  studies  are  needed  to  determine  the 
optimal  PMF  parameters  for  the  acceleration  of  wound  healing.  This  study  was  designed  to  compare  the  different 
PMF  pulse  rates  on  skin  wound  healing  in  rats. 

Milgram  et  al.,  (2004),  objected  to  examine  the  effect  of  high  intensity,  short  duration  PMF  on  the  healing  of  full 
thickness  skin  wounds  in  rats.  Certain  type  of  PMF  did  not  have  a  significantly  beneficial  effect  on  wound 
healing.  Wound  healing  is  characterized  by  the  restoration  of  the  epithelial  surface.  The  process  of  second 
intention  wound  healing  consists  of  contraction  and  epithelialization. 
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Basset  et  al.,  (1974)  including  peripheral  nerves  for  regeneration.  The  influence  of  PMF  on  nerve  regeneration  in 
vivo  has  been  reported  to  be  acceleration  of  the  recovery  of  function  following  peripheral  nerve  crush  or 
transection  and  exposure  of  the  proximal  nerve  segment. 

De  Haas  W.G.,  Lazarovici  M.A.,  and  Morrison  D.M.  (1979)  the  object  of  this  experimental  work  was  to  evaluate 
the  effect  of  a  noninvasive  method  of  electrical  stimulation  on  the  healing  of  freshly-  created  osteotomies  of  the 
rabbit  radius.  The  apparatus  consisted  of  a  solid  core  electromagnet  energized  by  a  square  wave  unidirectional 
current.  The  magnetic  field  was  pulsed  transversely  across  the  osteotomy  site  of  the  radius  while  the  animal  was 
confined  to  a  restraining  device  6  hours  daily  for  5  days  per  week.  In  one  group  of  animals  the  influence  of 
different  pulse  frequencies,  using  0.1  Hz,  1  Hz,  and  4  Hz,  was  evaluated,  while  the  period  of  stimulation  was 
kept  constant  at  2  weeks.  In  another  group  of  animals,  exposure  was  continued  for  3  and  4  weeks  while  the  pulse 
frequency  was  kept  constant  at  1  Hz.  Histologic  and  radiologic  comparison  with  control  animals  revealed  that 
the  initiation  of  the  healing  process  can  be  accelerated  in  magnetic  fields  pulsed  at  1  Hz,  but  that  this  effect  is  not 
maintained,  and  that  the  total  period  of  time  required  for  union  is  not  significantly  shortened.  In  view  of  these 
findings,  this  form  of  treatment  is  not  recommended  for  clinical  use  in  the  treatment  of  recent  fractures  of  long 
bones. 

Ieran  et  al.,  (1990)  PMF  have  been  used  clinically  for  the  treatment  of  chronic  skin  ulcers  of  venous  origin  in 
humans.  In  a  double  blind  study  PMF  have  been  used  clinically  for  the  treatment  of  chronic  skin  ulcers  of 
venous  origin  in  humans.  In  a  double  blind  study  the  PMF  treated  group  showed  no  worsening  of  any  the  ulcers, 
whereas  four  ulcers  worsened  in  the  control  group. 

Stiller  et  al.,  (1992),  Ieran  et  al.,  (1990)  by  the  end  of  the  study,  the  treated  group  showed  an  increased  number  of 
healed  wounds  and  a  decrease  in  the  rate  of  recurrence  of  venous  ulcers,  compared  to  the  control  group.  In  a 
multi  centre  study,  a  portable  PMF  device  for  home  use  was  tested.  Fifty  percent  of  the  ulcers  in  the  treatment 
group  healed  or  markedly  improved,  while  none  of  the  ulcers  in  the  placebo  group  had  healed.  In  the  treatment 
group,  no  worsening  was  seen  in  any  of  the  ulcers,  while  54%  of  the  ulcers  in  the  control  group  exhibited 
worsening  of  the  ulcers. 

PMF  Signal  Generation  and  Exposure 

The  system  was  fed  by  a  function  generator  (custom  made  in  the  department),  producing  a  2.2  kHz  sine  wave 
with  0.45  ms  repetition  time.  The  output  of  the  function  generator  was  connected  to  the  Helmholtz  coils:  two 
identical  coils  (each  of  300  turns  of  enameled  copper  wire  with  0.4  mm  radius)  were  mounted  coaxially  at  a 
distance  of  one  coil  radius  (13  cm)  from  each  other  to  produce  a  highly  uniform  horizontal  field  between  them. 
The  coils  were  connected  to  the  PMF  generator. 

The  pulse  duty  was  defined  as  the  percentage  of  the  time  during  which  the  voltage  is  switched  on  in  one  cycle. 
Helmholtz  coil,  producing  2.5  mT  and  5  mT  field  effective  intensity  on  the  surface  of  rat  skin.  During  the 
experiments,  field  intensity  was  measured  by  Philip  Harris  Probe  (Shenstone/England)  and  Chauvin  Arnoux 
Max3000  TRMS  Multimeter  (Paris/France).  Unilab,  Digital  Gauss/Tesla  Meter  (Blackburn/England)  was  used 
for  purity  of  the  field.  Maximum  variation  was  less  than  1%.  Validation  of  the  intensity  measurement,  axial 
magnetic  field  between  the  coils  was  also  calculated. 


Fig  1.  PMF  generator  and  application  coil  set 
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Fig  2.  PMF  source  wave  shape 


PEMF  Wave  Shape 
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Fig  3.  PMF  wave  shape  (MATLAB) 


Material  and  Methods 

Thirty  Sprague-Dawley  male  rats,  8-10  weeks  old,  weighing  200-250  g  were  used.  They  were  kept  in  standard 
cages,  food  and  water  were  available  to  them  without  any  restriction.  The  temperature  in  the  room  was 

20  +  2°  C,  the  light  cycle  was  12/  12-h  light/dark  schedule.  Anesthesia  was  performed  by  the  intra-peritoneal 
injection  of  ketamine  F1CL,  100  mg/kg  and  pompun,  10  mg/kg,  10  minutes  before  surgery.  After  shaving  and 
cleaning,  a  pair  of  full  thickness  incisions  (30  mm  in  length)  was  made  parallel  to  and  at  a  distance  of  1.5  cm  on 
each  side  of  the  dorsal  midline.  Then  the  animals  were  divided  into  three  groups.  Treatment  group  1  were 
exposed  PMF  (5  mT)  for  30  min  a  day  for  seven  days  and  treatment  group2  were  exposed  PMF  (2.5  mT)  1  hour 
a  day  for  seven  days  after  surgery.  Control  group  were  subjected  to  the  same  procedure,  but  with  the  PMF  device 
not  activated.. 


Discussion 

Published  reports  indicated  that  the  PMF  stimulators  may  promote  wound  healing,  but  this  depends  on 
parameters  such  as  frequency,  intensity,  exposure  time  and  orientation  of  PMF.  It  was  suggested  that  the  suitable 
dosage  and  optimum  PMF  parameters  involved  in  wound  healing  be  found.  The  purpose  of  this  study  was  to 
investigate  the  effects  of  pulse  rates  of  PMF  on  skin  wound  healing  in  rats. 
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The  animals  in  the  sham  group  were  kept  in  the  restrainer  inside  the  unenergized  coil.  These  conditions  may 
increase  stress  or  temperature  of  animals,  they  did  not  affect  wound  healing  time  significantly  and  it  was  seen 
that  the  animals  adapted  to  these  conditions  very  soon. 

Goldman  et  al.,(  1 998)  have  shown  enhancement  of  fibroblast  proliferation  in  response  to  certain  conditions  of 
the  electric  field  (41  mv/m,  10  Hz)  and  Katsir  et  al.  showed  that  chick  embryo  fibroblast  proliferation  was 
modified  by  EMF  (60  Hz,  0.7  mT). 

Berg  et  ah,  (1997)  showed  that  the  proliferatory  response  of  yeast  to  electromagnetic  field  is  frequency 
dependent  and  there  is  a  window  so  that  a  high  proliferation  is  detected  at  15  Hz  and  a  minimum  proliferation  at 
40  Hz.  These  reports  confirm  our  results  in  that  there  is  a  window  between  10  to  80  Hz  pulse  rates  (which  is 
around  20  Hz).  The  significance  in  the  absolute  values  and  the  normalized  wound  maximal  lengths  for  the  20  Hz 
group  compared  to  the  sham  group,  verifies  that  the  PMF  with  20  Hz  pulse  rate  accelerates  wound  healing.  Our 
results  on  the  wound  surface  area  indicate  that  PMF  stimulation  does  not  affect  wound  contraction  in  rats  which 
is  in  keeping  with  Scardino  et  al.  that  showed  PMF  had  a  positive  effect  on  epithelilization  only. 

Based  on  the  results  obtained  in  this  study  it  could  be  concluded  that  PMF  stimulators  (which  could  later  become 
a  practical  tool  for  clinical  use)  are  effective  devices  for  the  acceleration  of  wound  healing  but  further  studies  are 
required  to  determine  the  optimal  frequency,  direction  and  intensity  of  the  PMF  to  be  used  in  soft  tissue  healing 
and  two  clarify  the  exact  mechanisms  in  involved  in  this  phenomenon. 


^r-vr-a-  Ders:.,  of  ITMF 


Fig  4.  PMF  power  density 

Power  spectrum  investigation  has  been  conducted  by  using  MATLAB  software.  Obtained  spectrum  density  of 
pulsed  magnetic  field  has  been  shown  in  Figure  4.  As  shown  in  Figure  4  fundamental  component  of  RF  energy 
must  be  in  frequency  about  250  Hz.  So  the  main  effective  portion  might  be  affected  calcium  permeability  of  cell 
membrane  .It  is  known  that  permeability  of  cell  membrane  provides  calcium  efflux.  Consequently  target  tissues 
related  to  wound  healing  affected  by  our  used  waveform. 
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Fig.  5  and  Fig.  6  shows  the  effect  of  various  pulse  rates  on  wound  healing. 


Conclusions 

Changing  rate  of  collagen  fibrous  and  inflammation  infiltration  are  shown  in  Fig  5.  and  Fig  6.  At  the  end  of  the 
one-week  process,  decreasing  in  inflammation  infiltration  and  increasing  in  collagen  fibrous  was  observed.  At 
incision  on  dorsal  midline,  5  mT  a  day  exposure  can  decrease  healing  rate  half  amount  compare  to  control  group. 
Exposure  of  2.5  mT  a  day  can  increase  the  healing  rate  double  amount  to  control  group.  The  result  of  beneficial 
effect  about  wound  healing  was  found  in  case  of  giving  exposure  with  proper  PMF.  In  the  study  similar  results 
were  found  as  in  the  scientific  literature.  Wave  shape  is  as  known  the  waveform  which  is  used  by  Basset.  Using 
proper  exposure  type  can  augment  healing  rate.  The  lower  the  exposure  duration,  the  faster  the  healing  occurs.  It 
is  agreeable  that  in  the  future,  accelerated  studies  focused  on  waveform,  frequency,  power  density,  and  different 
cell  type  will  give  reasonable  interesting  results. 
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Abstract 

It  was  abundantly  but  also  roughly  reported  that  extremely  low-frequency  magnetic  fields  interact  with 
biological  systems  and  in  particular  with  excitable  cells,  but  it  remains  obscure  the  mechanism(s)  by  which  ELF 
are  transduced  into  biological  signals.  To  test  if  the  presence  of  50Hz  ELF  modulates  in  vitro  the  activity  of 
excitable  cell  models,  we  analysed  some  features  concerning  the  intracellular  calcium  homeostasis.  In  fact,  the 
spatially  and  temporally  defined  intracellular  calcium  variations  are  the  transductive  events  of  numerous 
extracellular  stimuli  and  this  ion  can  modulate  cellular  excitability. 

Using  a  single  cell  approach  and  a  confocal  microscope  supplemented  with  a  specially  designed  Helmholtz  coils, 
we  recorded  intracellular  calcium  variations  during  ELF  exposure  of  PCD,  GL15  and  C2C12  cell  lines 
resembling  neuron-like,  glial  and  muscle  model  respectively.  The  acute  cellular  response  to  ELF  was  different  in 
each  cell  line.  We  observed  a  differently  modulated  spontaneous  calcium  oscillations  related  to  the  ELF  presence 
in  differentiated  C2C12  cells  or  in  undifferentiated  GL15  ones;  in  the  other  cell  models  there  were  not  any 
significant  effect  in  the  same  experimental  conditions.  These  effects,  probably,  differently  influenced  the  chronic 
response  on  calcium  channels,  as  was  revealed  by  experiments  on  cell-free  samples  from  10  days  exposed  cells. 


Introduction 

The  biological  effects  of  extremely  low  frequency  electromagnetic  fields  (ELF-EMF)  have  fascinated  scientists 
for  a  long  time.  But  it  is  only  during  the  past  decade  that  the  study  of  EMF  interactions  with  whole  organisms  or 
isolated  cells  has  become  an  increasingly  recognized  area  of  research  within  the  biological  sciences  thank  to  an 
increasing  number  of  experimental  findings  confirming  that,  under  certain  conditions,  the  non-ionizing 
electromagnetic  energy  can  influence  physiological  processes  in  organisms  (Gartzke  and  Lange,  2002;  Vaughan 
et  al,  2005).  Even  if  numerous  hypotheses  have  been  suggested,  none  are  convincingly  supported  by 
experimental  findings.  Various  cellular  processes,  and  systems  can  be  affected  by  ELF-EMF  exposure:  i.e.  cell 
membranes,  general  and/or  specific  gene  expression,  cell  proliferation  and  differentiation,  metabolic  pathways 
and  many  other  physiological  mechanisms  correlated  directly  or  indirectly  with  cell  viability  (Repacholi  and 
Greenebaum,  1999;  Sieron  at  al,  2004;  Ivancsits  et  al,  2005). 

More  recently,  Simko  and  Mattsson  (2004)  suggested  that  ELF-EMF  exposure  is  capable  of  increasing 
intracellular  production  of  free  radicals.  These  are  intermediates  in  natural  processes  and  could  be  the  initial 
stimulus  inducing  a  first  response  which  then  enhances  (depending  on  cell  type  and  status)  the  release  of  free 
radicals  (Wolf  et  al,  2005)  in  turn  leading  to  different  biological  events  (Droge  W,  2002).  Mitochondria  are  the 
main  sites  of  reactive  oxygen  species  (ROS)  formed  as  a  side-product  of  oxidative  phosphorylation,  since 
electrons  flowing  from  reduced  substrates  are  occasionally  transferred  to  oxygen  to  form  superoxide  anion  and 
derived  products  (Chen  et  al,  2003). 

If  ROS  generation  and  accumulation  can  be  considered  the  first  cellular  event  of  an  ELF-EMF  exposure,  the 
modification  of  Ca2+  homeostasis  is  surely  one  of  the  most  important  mechanisms  by  which  ROS  explicate  their 
multiple  actions  into  the  cell  (Camello-Almaraz  et  al,  2006).  In  the  past  years,  many  data  obtained  in  various 
laboratories,  showed  that  the  ELF-EMF  exposure  was  able  to  induce  modifications  of  cytoplasmic  Ca2+  levels 
which  can  be  related  to  different  physiological  mechanisms:  i.e.  differentiation  of  chromaffin  cells  into  neuronal¬ 
like  cells  (Morgado-Valle  et  al,  1998);  cell  death  by  apoptosis  induced  by  several  agents  in  different  human  cell 
systems  (Fanelli  et  al,  1999);  functional  modifications  of  cells  of  the  immune  system  (Walleczek  J,  1992);  etc. 
All  these  effects,  and  more  others,  can  be  attributed  to  modifications  of  Ca2+  homeostasis  by  ELF-EMF  exposure 
throughout  different  mechanisms  such  as  the  involvement  of  P2Y  membrane  receptors  (Takahashi  et  al,  2005); 
the  activation  of  mechanically  operated  stretch-activated  Ca2+  channels  (Sun  and  Cho,  2004);  the  enhancing  of 
the  expression  of  voltage-gated  Ca2+  channels  (Grassi  et  al,  2004).  All  these  pathways  are  constituted  at  least  in 
part  of  ionic  transmembrane  channels  that,  above  all  in  excitable  cells,  represent  the  main  way  for  cell 
communication.  The  goal  of  this  paper  is  to  analyse  some  features  involved  in  the  homeostasis  of  intracellular 
calcium  in  excitable  cells  exposed  to  ELF-EMF  at  different  intensities  (0. 1-1.0  mT).  In  particular  we  checked  if 

1 .  intracellular  Ca2+  levels  are  changed 

2.  alterations  of  active  or  passive  Ca2  transport  through  cell  membranes  can  be  postulated 

3.  levels  of  some  proteic  factors,  directly  linked  to  Ca2+  activation,  were  modified 

Results.  The  experimental  plane  regards  the  study  of  the  possible  influences  of  ELF-EMF  on  calcium 
homeostasis  of  excitable  cells.  For  this  reason,  we  used  PCD,  GL15  and  C2C12  cell  lines  resembling  neuron¬ 
like,  glial  and  muscle  model  respectively.  The  presence  of  ELF-EMF  influences  the  oxidative  system  of  some 
excitable  cells  (Mariggio  et  al.,  2006)  and  also  in  this  study  some  tested  cell  lines  showed  ROS  production 
and/or  mitochondrial  membrane  potential  variations.  Using  a  confocal  microscope  equipped  with  Helmholtz 
coils,  we  monitored  the  cells  producing  ROS  (DCF  labelled  cells)  or  their  mitochondrial  membrane  potential 
(JC-1 -labelled  cells)  during  a  short  exposure  time  (30  min)  to  1.0  mT  ELF-EMF.  In  these  conditions,  PCD  and 
GL15  populations  showed  an  increased  percentage  of  cells  revealing  increased  ROS  production  (3  fold  or  10 
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fold  increase  compared  to  PC12  or  GL15  controls  respectively),  while  in  C2C12  cells  no  differences  compared 
to  control  cells  were  detectable.  In  addition  mitochondrial  membrane  potential  variations  were  undetectable  in 
PC  12  cells,  while  GL15  and  C2C12  cells  showed  a  decreased  potential  compared  to  control  cells. 

The  tested  cell  lines  have  a  peculiar  feature  common  to  other  excitable  cells,  which  is  to  show  spontaneous 
intracellular  calcium  ([Ca2+]i)  variations.  Using  the  above  described  experimental  single  cell  approach  and  a 
calcium  specific  fluorescent  dye  (FLU04/AM),  we  assayed  spontaneous  [Ca2  ]i  variations  during  30  min 
exposure  to  0.1  or  1.0  mT  ELF-EMF.  Figure  1  shows  selected  representative  frames  (0,  15  and  30  min) 
depicting  Fluo4-loaded  cells  (A)  and  temporal  analysis  of  single  cells  (B).  Data  derived  from  these  experiments 
showed  that  the  spontaneous  [Ca2+]i  variations  were  increased  in  differentiated  cells,  above  all  in  NGF- 
differentiated  PC12  cells  and  in  C2C12  myotubes  in  all  experimental  conditions  (Fig.  1,  C).  In  addition,  while  no 
PC12  phenotype  was  sensible  to  the  presence  of  ELF-EMF  (0. 1-1.0  mT),  both  undifferentiated  and  differentiated 
GL15  cells  and  C2C12  myotubes  showed  increased  spontaneous  [Ca2+]i  variations  during  short  ELF-EMF 
exposure  time  (30  min)  (Fig.  1,  C). 


0  min 


c 


15  min 


30  min 


Control  0.1  mT  1.0  mT 


B 


I 

Control  0.1  mT  1.0  mT 


Figure  1:  Temporal  [Ca2l]i  analysis.  A:  Confocal  representative  images,  acquired  at  0,  15  and  30  min,  show  a 
pseudo-color  representation  of  Fluo4-loaded  cells  during  a  temporal  analysis;  the  pseudo-color  bar  located  to  the 
left  of  the  confocal  images  indicates  a  color  scale  from  blue  to  red  related  to  low  (blue)  and  high  (red)  Ca2+ 
levels.  B:  Traces  represent  the  possible  [Ca2  ,]i  variations  in  cells  observed  in  presence  or  absence  of  ELF-EMF: 
a  represents  no  calcium  variations,  b  high  frequency  calcium  variations,  c  a  slow  calcium  increase  and  d  a  single 
increased  pulse  of  calcium;  the  traces  are  the  ratio  of  the  single  Fluo4-loaded  cell  fluorescence  at  time  range 
from  2  to  30  min  (/)  to  the  mean  value  of  fluorescence  intensities  after  2  min  when,  in  exposed  cells,  ELF-EMF 
were  produced  (/0),  as  a  function  of  time.  C:  Graphs  represent  the  cell  percentage  of  spontaneous  variations 
(shown  in  B)  in  undifferentiated  (undiff)  or  differentiated  (diff)  PC12,  GL15  and  C2C12  cells;  bars  are 
mean±SEM,  n=5,  *p<0.05  and  **p<0.01. 


Longer  cell  exposure  (3  and  10  days)  to  ELF-EMF  modified  basal  [Ca2  ]i  (Fig.  2,  A  and  B).  In  particular  after  3 
days  exposure  at  0. 1-1.0  mT  ELF-EMF,  GL15  cells  showed  significantly  higher  basal  [Ca2l]i  compared  to 
controls;  PC  12  cells  revealed  the  same  increased  when  exposed  to  1.0  mT  ELF-EMF  after  3  or  10  days 
exposure,  no  significant  difference  was  observed  after  0.1  mT  ELF-EMF  exposure.  C2C12  cells  didn’t  show  any 
differences  at  3  days  ELF-EMF  exposures,  while  these  cells  showed  increased  basal  [Ca2+]i  in  respect  to  controls 
after  10  days  exposure  to  0. 1  or  1.0  mT  (Fig.  2,  A  and  B). 
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Figure  2:  Basal  [Ca2]i  recorded  in  cell  suspensions  after  3  (A)  or  10  (B)  days  (3day-  or  lOday-cultured) 
exposure  to  0  (Control),  0.1  or  1.0  mT  ELF-EMF.  Bars  are  mean±SEM,  n=5,  *p<0.05,  **p<0.01  and 

***p<0.001. 

The  changes  in  basal  [Ca2l]i  after  ELF-EMF  exposure  could  be  determined  by  modifications  in  the  calcium 
homeostatic  system.  For  this  reason  we  checked  some  elements  involved  in  calcium  homeostasis  on  long  time 
exposed  cells  (3  or  10  days  to  0.1  or  1.0  mT  ELF-EMF).  They  were:  two  calcium  regulated  proteins  (calmodulin 
and  calcineurin);  the  functionality  of  calcium  channels  characteristic  of  excitable  cells,  voltage-gated 
dihydropyridine-sensible  calcium  channel  (DF1PR)  and  store  ryanodine-sensible  channel  (RYR);  Ca2+/Mg2+ 
ATPase  pump  activity. 
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Calmodulin  levels 


Figure  3:  Representative  Western  blots  of  calcineurin  (Cn)  and  calmodulin  (CaM)  in  PCD  cells  grown  in 
absence  (C)  or  in  presence  (0.1  or  1.0  mT)  of  ELF-EMF  for  3  or  10  days.  The  graphs  show  the  summarized 
densitometric  analysis  of  Western  blots  of  calcineurin  and  calmodulin  in  the  tested  cells.  Bars  are  ratios  between 
ODxmm2  of  each  band  related  to  control  (C)  proteins  and  ODxmm2  of  the  band  related  to  0.1  or  1.0  mT  exposed 
cells  proteins. 

Calcineurin  levels  revealed  by  Western  blot  analysis  appeared  increased  in  extracts  from  GL15  cells  exposed  for 
3  days  at  1.0  mT  ELF-EMF  or  in  those  from  PCD  cells  exposed  for  10  days  to  1.0  mT  ELF-EMF;  in  the  other 
tested  cells  no  modification  was  observed  in  any  experimental  conditions  (Fig.  3).  The  calmodulin  levels 
appeared  increased  only  in  PCD  cells  exposed  to  1.0  mT  for  3  or  10  days  (Fig.  3). 

Figure  4  shows  the  data  collected  from  experiments  on  cell  extracts  assayed  for  the  functionality  of  DF1PR  and 
RYR  channels  and  ATPase  activity. 
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Figure  4:  Functional  assays  on  PC12,  GL15  and  C2C12  cells  extracts.  After  3  or  10  days  (3day-  or  lOday- 
cultured  cells  respectively)  exposure  to  0  (Control),  0.1  mT  or  1.0  mT  ELF-EMF,  cells  were  collected, 
homogenized  and  assayed  for  DF1PR  or  RYR  binding  (calculated  as  pmol/mg  protein  and  reported  as  ratio 
between  treated  and  control  cells)  and  ATPase  activity  (calculated  as  specific  activity  and  reported  as  ratio 
between  treated  and  control  cells).  Bars  are  mean±SEM,  n=5,  *p<0.05,  **p<0.01  and  ***p<0.001. 


The  DF1PR  and  RYR  binding  assays  permitted  to  monitor  the  presence  of  these  channels  on  tested  cells,  in 
addition  RYR  binding  experimental  protocol  revealed  the  functionally  opened  RYR  channels.  The  number  of 
DFIPR  appeared  significantly  increased  on  10  days  exposed  PC12  and  GL15  cells  treated  with  0.1  and  1.0  mT 
respectively.  Fewer  opened  RYR  channels  appeared  on  10  days  and  0.1  mT  exposed  PC12  and  GL15  cells,  in 
the  latter  cells  this  result  was  evident  also  at  3  days  and  1  mT  exposure,  while  the  opened  RYR  channels 
increased  on  3  days  and  0.1  mT  exposed  GL15  cells.  The  ATPase  assay  revealed  a  decreased  ATPase  activity  on 
3  or  10  days  and  1  mT  exposed  C2C12  cells. 

In  conclusion  each  cell  line  showed  a  peculiar  pattern  of  functional  activities  probably  depending  on  their 
biological  features. 

Discussion.  In  the  excitable  cells,  the  Ca21  ion  has  shown  to  play  an  important  role  in  a  wide  variety  of  cellular 
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functions,  such  as  that  related  to  cell  differentiation  which  involves  nerve  or  muscle  growth  factors.  For  this 
reason,  all  changes  to  its  cytoplasmic  levels  and/or  transport  can  be  the  beginning  of  modifications  able  to 
modify,  sometimes  also  radically,  the  functional  capacity  of  the  cell. 

Cells  exhibit  several  Ca2 1 -mobilizing  messengers,  which  transduce  a  large  variety  of  extracellular  stimuli 
regulating  various  intracellular  Ca2+-sensitive  targets.  Recent  studies  suggest  that  agonists  differentially  select 
their  characteristic  Ca2+  signals  but  it  is  still  unclear  whether  different  messengers  mediate  different  functions  or 
whether  they  act  in  a  redundant  fashion  (Berridge  et  al,  2000).  It  is  also  possible  that  Ca2+  variations,  induced  by 
a  specific  source,  are  able  to  activate  a  sort  of  negative  feed-back  mechanism  by  which  the  cause  of  these 
variations  can  be  suppressed.  If  this  does  not  happen,  then  a  measurable  effect  on  some  specific  functional 
aspects  of  cell  life  must  take  place. 

Under  our  conditions  the  first  cause  of  Ca2+  overload  can  be  found  in  the  ROS  generation  triggered  by  ELF-EMF 
exposure.  In  fact,  in  at  least  two  of  three  tested  cell  lines  (PCD  and  GL15),  a  significant  increase  of  ROS, 
probably  generated  from  the  uncoupling  of  mitochondrial  activity,  was  evident.  As  reported  by  several  authors, 
a  close  relation  between  cytoplasmic  Ca2+  variations  and  increase  of  ROS  production  exists  under  different 
experimental  conditions.  For  example:  (i)  in  cardiac  tissue,  a  cytosolic,  and  subsequently  mitochondrial,  Ca2+ 
overload  impaired  mitochondrial  bioenergetics  (Solaini  and  Harris,  2005);  (ii)  in  neurons,  transient  deprivation 
of  oxygen  and  glucose  during  temporary  ischemia  coupled  with  elevation  in  cytosolic  Ca2 1  concentration  triggers 
ROS  generation  and  mitochondrial  permeabilization,  resulting  in  neural  cell  death  (Brailoiu  et  al,  2006).  Also 
under  our  experimental  conditions,  a  significant  modification  of  [Ca2+]i  probably  dependent  on  ELF-EMF 
intensity  and/or  exposure  time,  can  be  observed.  Thereafter  also  some  aspects  of  basal  Ca-dependent  activity  as 
well  as  the  spontaneous  spikes  generations,  seemed  to  be  influenced  from  the  presence  of  electromagnetic  fields. 
In  fact,  we  observed  differently  modulated  spontaneous  calcium  oscillations  related  to  the  ELF-EMF  presence  in 
differentiated  C2C12  cells  or  in  undifferentiated  GL15  ones.  In  this  case,  it  is  important  to  note  that  modulations 
of  calcium  activity  was  observed  during  ELF-EMF  exposure  of  single  living  cells,  and  the  unique  experimental 
procedure  used,  permitted  to  strictly  correlate,  for  the  first  time,  the  Ca2+  variations  and  the  presence  of  the 
electromagnetic  field.  On  the  other  hand,  the  results  from  experiments  carried  out  to  detect  some  modifications 
of  Ca2+  transport  system  remain  without  a  clear  and  complete  explanation.  This  fact  could  be  due  to 
physiological  adaptive  mechanisms  present  in  the  cells.  Moreover,  it  is  worth  noting  that  these  experiments  were 
performed  on  cell-free  substrate  after  several  days  exposure  to  ELF-EMF,  so  that  the  slight,  but  significant 
effects  observed  could  be  considered  other  proof  of  the  existence  of  an  interference  mechanism  induced  by  ELF- 
EMF  on  Ca2^  homeostasis 


Summary 

Cells  possess  several  Ca2 1  -mobilizing  messengers,  which  couple  stimulation  at  the  cell  surface,  by  a  multitude  of 
extracellular  factors,  to  the  regulation  of  intracellular  Ca2+-sensitive  targets.  As  reported  by  several  authors,  a 
tight  relation  between  cytoplasmic  Ca2+  variations  and  an  increase  of  ROS  production  under  different 
experimental  conditions,  exists.  In  particular,  the  presence  of  ELF-EMF,  with  an  intensity  ranging  from  0. 1  to 
1.0  mT,  was  able  to  induce  qualitative  and  quantitative  modifications  of  Ca2+ homeostasis  (with  different  features 
in  different  cell  lines)  probably  dependent  on  ELF-EMF  intensity  and/or  time  exposure. 
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Appendix 

Instrumentation.  The  50Hz  electromagnetic  fields  were  generated  by  two  different  devices:  a  solenoid  and  a  pair 
of  Helmholtz  coils.  These  devices  were  planned  and  built  to  deliver  variable,  homogeneous,  sine-wave  alternate 
current  magnetic  fields  with  50  Hz  frequency  and  intensities  ranging  between  0. 1-1.0  mT±2%.  The  horizontal 
cylindrical  solenoid  (length=340mm,  diameter- 1  13mm).  on  a  supporting  base,  was  supplied  by  a  power  supply 
Elgar  Electronics  (mod.  CW-801P).  The  solenoid  was  used  in  an  incubator  (5%  CO2  and  37°C)  for  long  time 
continuous  cell  exposures  (1-10  days)  during  which  the  solenoid’s  eventual  added  temperature  was  negligible 
(photo  A).  The  pair  of  Helmholtz  coils  (r=445mm,  distance  between  coils=400mm),  producing  homogeneous 
magnetic  field  over  the  specified  volume -under-test  corresponding  to  the  cell  chamber,  were  located  in  the 
working  zone  of  a  confocal  microscope  and  connected  to  a  power  supply  Elgar  Electronics  (mod.  CW-1251P) 
(photo  B).  The  coils  were  used  to  generate  0.1-1.0mT  ELF-EMF  for  short  time  cell  exposure  (30  min)  during  in 
vivo  cell  analysis  (ROS  production,  mitochondrial  membrane  potential  variation,  [Ca2+]i  variation). 
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Cell  culture.  C2C12  and  PCD  (American  Culture  Collection)  and  GL15  (functionally  characterized  in  our  lab, 
Mariggio  et  al  BMC  Physiology  1:4,  2001)  were  cultured  as  exponentially  growing  cells  in  growth  medium 
(GM).  The  GM  for  C2C12  and  GL15  contains  Dulbecco’s  modified  Eagle’s  medium  (DMEM),  10-20%  foetal 
calf  serum  (FCS),  2-4  mM  L-glutamine  and  100  UI  mL_1-100  pg  mL"1  Penicillin-Streptomycin.  The 
differentiative  phenotype  was  induced  in  C2C12  and  GL15  cells  in  GM  supplemented  only  by  2%  FCS  for  7-10 
days.  The  GM  for  PCD  cells  contains  RPMI  1640  with  5%  FCS  and  10%  horse  serum,  glutamine  and 
antibiotics  as  mentioned  previously.  Reagents  for  cellular  cultures  were  purchased  from  Gibco  (Paisley, 
Scotland,  UK).  In  PCD  cells,  the  differentiative  phenotype  was  induced  in  GM  containing  50ng/ml  nerve 
growth  factor  for  7  days.  The  cells  were  seeded  on  Petri  dishes  in  GM  and  routinely  sub-cultured  every  three 
days  C2C12  and  GL15  and  weekly  PCD  (Mariggio  et  al,  BMC  Physiology  1:4,  2001;  Guarnieri  et  al, 
Neuroscience  128:697-712,  2004;  Pietrangelo  et  al.,  J  Physiol. 572. 3:721-733,  2006).  The  PCD  cells  were 
cultured  on  Falcon  flask  and  plated  for  experiments  on  collagen-treated  wells. 

rCa2+li  and  ROS  measurements.  We  plated  the  cells  on  glass  coverslips  that  were  incubated  for  30  min  at  37°C 
in  normal  external  solution  (NES)  supplemented  with  10  mg  mL"1  BSA  and  5  pM  FLU04  AM  or  FEDCF-DA 
(Molecular  Probes,  Eugene,  OR,  USA)  for  [Ca2+]i  or  ROS  determination  respectively.  The  NES  solution 
consisted  of  10  mM  glucose,  140  mM  NaCl,  2.8  mM  KC1,  2  mM  CaCl2,  2  mM  MgCl2,  and  10  mM  HEPES,  pH 
7.4.  After  Fluo4-AM  incubation,  cells  were  rinsed  with  NES  and  observed.  The  images  were  collected  using  a 
Bio-Rad  MRC-1024  ES  confocal  system  (Bio-Rad  Microscience  Ltd,  Hemel  Hempstead,  UK)  connected  to  an 
inverted  microscope  Zeiss  Axiovert  100  equipped  with  63x/1.25  PLAN  NEOFLUAR  oil  immersion  objective 
and  Helmholtz  coils  described  above.  For  Fluo4  fluorescence,  as  well  as  that  of  DCF,  excitation  was  fixed  at  488 
nm  and  emission  was  set  at  522  nm  using  a  bandpass  filter  (bandwidth±32  nm).  The  laser  potency, 
photomultiply  and  pinhole  size  were  kept  constant  for  the  whole  experiments.  Images  were  acquired,  stored  and 
offline  analyzed.  Traces  deriving  from  total  cell  area  were  calculated  as  f/J 0  where /is  the  fluorescence  emission 
of  a  single  FLU04  (or  H2DCF-DA)  loaded  cells  at  times  ranging  from  two  to  x  seconds  and  /()  is  the  mean  value 
of  fluorescence  intensities  of  the  same  cell  calculated  among  all  the  images  before  turning  on  the  coils.  Graphs 
were  plotted  using  Prism  2.0  (GraphPad  Software,  San  Diego,  CA,  USA). 

Spectrofluorimetric  determination  of  basal  TCa2 '  li.  For  basal  [Ca2  ]i  determination  on  cell  suspensions,  after  3  or 
10  days  ELF-EMF  exposure,  the  cells  (PCD,  C2C12  and  GL15)  were  detached  and  washed  by  gentle 
centrifugation.  The  cells,  resuspended  in  NES,  were  loaded  with  5  pM  Fura  2-AM  for  30  min  at  37°C  and 
treated  for  5  min  with  250  pM  sulphynpirazone  then  collected  in  the  quartz  cuvette  and  analysed  using  LS-5B 
Perkin-Elmer  spectrofluorimeter.  The  [Ca2+]i  was  calculated  using  the  formula:  [Ca2l]i  =  Kd  (F-Fmjn)/(Fmax-F), 
where  Fmax  and  Fmin  were  the  fluorescences  recorded  at  the  end  of  each  experiment,  after  the  addition  of  1  pM 
Ionomicin  and  5  mM  EGTA  respectively;  Kd  (224  nM)  is  the  dissociation  constant  of  Fura2  for  calcium 
(Grynkiewicz  et  al,  J  Biol  Chem.  260:3440-3450,  1985). 

Mitochondrial  membrane  potential  measurements.  These  were  determined  using  a  carbocyanine  dye  JC-1 
(Molecular  Probes,  Eugene,  Oregon,  USA)  which  is  taken  up  by  the  mitochondria.  When  the  transmembrane 
potential  is  high,  like  in  normal  cells,  JC-1  forms  red  fluorescence  dimers  (J-aggregate),  while  when  it  is  low  the 
red  fluorescence  disappears  and  green  fluorescence  emission  appears  (monomer).  Briefly,  the  cells  on  coverslips 
were  incubated  in  growth  medium  containing  5  mM  of  JC-1  for  10  min.  After  being  rinsed  three  times  with  PBS, 
each  coverslip  was  observed  and  images  were  recorded  with  or  without  the  ELF-EMF  generated  by  Helmholtz 
coils  applied  to  a  confocal  microscope  (excitation  was  fixed  at  488  nm  and  emission  was  set  to  either  522  nm, 
for  green  monomer,  or  605  nm,  for  red  J-aggregate,  using  a  bandpass  filter).  To  estimate  the  modification  of 
fluorescence  in  mitochondria,  the  change  in  green  and  red  areas  was  calculated  for  the  whole  image  using  Scion 
Image  ver.  beta  3b  (Scion  Corporation,  Frederick,  Maryland,  USA).  The  red/green  area  ratio,  resulting  from  each 
single  image  of  the  experiment  was  plotted  against  time  (Castellano  et  al.,  Arch.  Pharm.  Pharm.  Med.  Chem. 
333:373-380;  2000). 

Western  blots.  PCD,  C2C12  and  GL15  cells  were  exposed  to  0.1  or  1.0  mT  ELF-EMF  for  3  or  10  days.  At  the 
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end  of  the  exposure  the  cells  were  collected,  rapidly  washed  on  ice  with  pre-cooled  PBS  and  lysed  in  buffer 
containing  (mM):  50  Tris-HCl,  100  NaCl,  50  NaF,  40  P-glycerolphosphate,  5  EDTA,  1%  Triton  X-100,  200  pM 
NaOrthovanadate,  100  pg/ml  phenylmethylsulfonyl  fluoride,  10  pg/ml  leupeptin,  5  pg/ml  pepstatin  A,  10  pg/ml 
benzamidine,  pH  7,4.  After  vortexing  for  5  min,  the  sample  were  centrifuged  at  12,000  lpm  for  10  min  at  4°C. 
The  protein  content  of  the  supernatant  was  quantified  by  a  colorimetric  assay  (Bio-Rad  Laboratories  Sri,  Milano, 
Italy).  Samples  containing  40  pg  of  proteins  were  suspended  in  Laemmli  buffer  (8%  SDS,  10%  glycerol,  5%  [3- 
mercaptoethanol,  25  mM  Tris-HCl  and  0.003%  Bromophenol  Blue,  pH  6,5),  boiled  for  5-10  min  and 
electrophoresed  on  10%  SDS  polyacrylamide  homogenous  slab  gel  (SDS-PAGE).  Proteins  were  electroblotted 
onto  a  hydrophobic  polyvinylidene  difluoride  membrane  (Hybond-P  Amersham-Pharmacia  Biotech).  The 
calmodulin  and  calcineurin  proteins  levels  were  detected  with  specific  antibodies  (monoclonal  mouse  anti- 
Calmodulin  and  polyclonal  rabbit  anti-Calcineurin,  CALBIOCHEM,  Germany).  The  antibodies  were  detected  by 
chemiluminescence  (ECL  Amersham-Pharmacia  Biotech). 

Binding  experiments  and  ATPase  activity  measurements.  For  ['HJPN200-1 10  and  RyR  binding,  and  Ca2+- 
ATPase  activity  the  cells  cultured  in  growth  medium  were  exposed  for  3  or  10  days  to  ELF-EMF 
electromagnetic  fields  at  0.1  and  1.0  mT  intensity.  At  the  end  of  the  exposure  times,  the  cells  were  sonicated  (1 
pulse  2  s'1,  20-40  pulses)  in  a  buffer  solution  containing  10  mM  Hepes  and  150  mM  KC1.  The  dihydropyridine 
receptor  (DHPR)  concentration  was  determined  according  to  the  procedure  of  Renganathan  et  al.  (J  Membr  Biol 
157(3):247-253,  1997)  using  the  radioligand  [3H]PN200-1 10.  Sonicated  cell  proteins  (40  pg)  were  incubated  in  a 
final  volume  of  250  pi  binding  buffer  in  the  presence  of  InM  [3H]PN200-1 10  per  1  h  at  room  temperature,  then 
the  samples  were  filtered  with  Whatman  GF/C  filters  and  washed  with  6  volumes  of  ice-cold  washing  buffer. 
Radioactivity  was  determined  by  liquid  scintillation  counting.  Non-specific  [3H]PN200-1 10  binding  was 
assessed  in  the  presence  of  10  pM  unlabeled  nifedipine. 

The  sonicated  cell  proteins  (25  pg),  in  a  final  volume  of  250  pi,  were  incubated  in  a  binding  buffer  (200  mM 
KC1,  10  mM  HEPES  pH  7.4,  100  pM  CaCl2,  lpg/ml  pepstatin,  lpg/ml  leupeptin)  in  agitation  with  5  nM 
[3H]ryanodine  for  120  min  at  37°C,  then  filtered  with  Whatman  GF/C  filters  and  washed  with  6  volumes  of  ice- 
cold  200  mM  KC1,  10  mM  HEPES,  pH  7.4  as  described  by  Fano  et  al.  (J  Muscle  Res  Cell  Motil  22:345-351, 
2001).  The  amount  of  bound  [3H]ryanodine  was  determined  by  liquid  scintillation  counting  (Treves  et  al., 
Biochemistry  36:11496-11503,  1997). 

Ca2+-ATPase  enzymatic  activity  was  measured  on  total  sonicated  cell  proteins  according  to  the  procedure  of 
Fano  et  al.  (J  Muscle  Res  Cell  Motil  22:345-351,  2001).  The  assay  was  carried  out  in  1  ml  incubation  medium 
(in  mM:  5  ATP,  1  CaCF,  50  Tris-HCl  buffer,  pH  7.4)  containing  25  pg  of  proteins/sample.  After  15  min  at  37 
°C,  the  reaction  was  stopped  by  the  addition  of  1  ml  of  5%  TCA  and  the  precipitate  removed  by  centrifugation  at 
5000g  for  10  min.  The  released  orthophosphate  was  estimated  on  1  ml  of  clear  supernatant,  according  to  Saini 
and  Van  Etten  (Arch.  Biochem.  Biophys  191:613-624,  1978).  Enzyme  specific  activity  was  expressed  as  pmol 
of  Pi  released  per  min  per  mg  of  proteins  (A.S.). 

Statistical  analysis  of  data  was  performed  using  Student’s  paired  t-test,  and  automatically  derived  with  Prism  2.0 
software  (GraphPad  Software,  Inc.,  San  Diego,  CA,  USA). 
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Abstract 


In  this  study,  we  investigated  the  effects  of  different  densities  at  daily  life  exposure  of  sinusoidal 
magnetic  fields  on  the  mass  of  rats  and  peripheral  nerve  regeneration.  Magnetic  field  was  applied  to  40  rats  for 
4  hours  per  day  for  a  week.  One  of  the  rat  groups  were  separated  as  a  control  the  others  were  separated  for  10, 
20,  and  30  Gauss  (G)  magnetic  field  treatment.  All  of  the  rats  were  exposed  to  crush  injury  just  before  the 
treatment. 

In  the  study,  after  crush  injury  of  sciatic  nerve  in  the  period  of  first  3  days  treatments  of  magnetic  field 
showed  no  mass  differences  compared  to  control.  But  7  days  treatment  of  30  G  magnetic  field  decreased  mass 
of  the  rats  when  compared  to  control  while  the  other  groups  did  not. 

When  the  electrophysiological  results  were  estimated,  in  terms  of  nerve  regeneration,  it  could  be 
suggested  that  both  after  3  days  exposition  to  injury  and  7  days  treatments  of  different  magnetic  field  densities 
have  no  statistically  important  effect  on  the  CMAP  (Compound  Muscle  Action  Potential)  amplitude,  area  and 
the  rate  of  conduction. 

As  a  result,  it  is  observed  that  the  density  and  frequency  of  magnetic  fields  used  in  this  study  had  no 
effect  on  transmission  and  stimulation  of  nerves  consequently  so  was  not  effecting  the  nerve  regeneration. 

Key  words:  Electromagnetic  field,  nerve  regeneration,  rat  mass. 
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Introduction 

All  members  of  modem  societies  constantly  live  in  electromagnetic  fields  and  waves  which  intensities 
are  much  higher  than  those  found  in  the  nature.  The  potential  negative  effects  of  those  on  human  health  continue 
to  be  the  subject  of  controversy  (1).  Most  public  exposure  to  ELF  fields  comes  from  electrical  appliances, 
household  wiring,  and  AC  transmission  and  distribution  lines  (2). 

In  this  study  we  tested  whether  magnetic  fields  created  with  50  Hz  alternating  current  (AC)  affects 
regeneration  of  the  sciatic  nerve  or  not. 

Exposure  to  PEMF  as  a  pretreatment  prior  to  crush  injury  also  resulted  in  acceleration  of  axonal 
regrowth  (3;4).  Research  in  cats  and  rats  suggests  that  pulsed  electromagnetic  fields  may  accelerate  the  rate  of 
peripheral  nerve  regeneration  (5,6).  Stimulation  with  a  50-Hz  alternating  magnetic  field  stimulated  regeneration 
of  sensory  nerve  fibers  in  the  rat  sciatic  nerve  (7).  A  high-intensity  static  magnetic  field  of  1  Tesla  has  no  effect 
on  peripheral  nerve  regeneration  as  determined  by  myelinated  axon  counts  and  electrophysiologic  studies  in  our 
rat  sciatic  nerve  model.  Specific  orientation  of  the  sciatic  nerve  with  respect  to  the  magnetic  field  also  has  no 
effect  on  the  rate  of  nerve  growth.  Periods  of  restraint  of  12  hours  per  day  for  4  weeks  inhibit  weight  gain  by 
rats  but  have  no  effect  on  nerve  regeneration  in  this  experimental  system  (8). 

Kolosova  at  al.  [1996]  reported  that  the  stimulation  observed  in  the  study  may  not  be  a  direct  effect  of 
MWR  on  regenerating  nerve  fibers.  In  their  study  data  show  a  stimulating  effect  of  low-intensity  MWR  on 
regeneration  of  the  rat  sciatic  nerve.  MWR  treatment  of  the  femoral  skin  in  the  area  of  suture  accelerates  the 
growth  rate  of  the  regenerating  nerve  fibers  and  their  functional  maturation  (9). 

The  biological  mechanism  of  action  of  magnetic  fields  is  poorly  understood.  Reports  of  changes  in  cell 
membrane  permeability  suggest  that  the  physiological  effect  is  connected  with  electrolyte  ion  exchange  (10). 

Mean  body  weights  of  exposed  groups  of  male  and  female  mice  were  similar  to  those  of  the  control 
groups  throughout  the  study  (11).  In  the  another  study  the  data  indicated  that  over  21  days,  the  PEMF  field 
inhibited  young  rats  ability  to  recover  from  the  mass  loss  normally  associated  with  stress  from  the  start  of  the 
experiment.  In  contrast  all  older  rats  recovered  more  slowly  than  the  control  young  rats  in  the  same  study  (12). 


Materials  and  Methods 

Animals 

In  present  study  40  female  Wistar  Albino  rats  (150-200  g)  were  used.  30  of  them  were  experiment 
group  and  the  others  were  the  control  group.  The  rats  were  12  weeks  of  age.  They  lived  at  12h  light-dark  cycle 
with  diet  and  water  available  ad  libitum,  without  any  additional  medication.  Before  the  experiment,  they  are 
adapted  these  conditions  in  a  week.  The  experiment  group  was  divided  into  three  groups.  They  were  given  10, 
20  and  30  G  respectively.  The  magnetic  field  generation  coils  were  not  energized,  and  the  control  rats  were 
exposed  only  to  the  ambient  magnetic  field  in  laboratory  (0.4-0.  5  G). 


Surgical  Procedure 

All  rats  were  operated  on  under  intramuscular  (i.m.)  50  mg/kg  Ketamine  Hydrochloride  anesthesia. 
The  sciatic  nerve  was  exposed  to  biceps  femoris  muscle  splitting  incision  unilaterally.  Crash  lesions  were 
performed  using  a  jeweler’s  forceps  to  prevent  cutting  when  applied  15  sec,  and  the  site  of  the  injury  was 
labeled  with  a  10/0  prolene  suture  attached  to  the  epineurium.  Following  recovery  from  anesthesia,  the  rats  were 
randomly  assigned  as  a  control  group  or  experimental  groups. 


Magnetic  Field  Stimulation 

A  field  of  10,  20  and  30  G  as  calculated  from  voltages  induced  in  pick  up  standardized  coil  probe, 
placed  midfield,  was  generated  in  a  pair  of  Helmholtz  coils  45  cm  in  diameter,  with  160  turns  of  2.2  mm  gauge 
copper  wire  each.  The  coils  were  mounted  on  a  plastic  framework,  22.5  cm  apart,  and  connected  in  series  to  a 
generator  delivering  a  sine  wave  output  current  of  4.8  A  at  50  Hz.  Five  rats  were  simultaneously  put  in  a  square, 
nonconductive  plastic  cage  (35x20x45  cm)  within  the  coils  and  left  unrestrained.  The  coils  were  placed 
perpendicular  to  the  table  so  the  magnetic  field  was  horizontal. 

The  rats  were  put  in  square  plastic  cages  (20x20x30  cm)  within  the  coils  and  exposed  to  the  magnetic 
field  for  four  hours  on  every  seven  days  from  the  day  of  operation.  The  action  potentials  were  recorded  before 
experiment  and  after  3rd,  7th  days  of  exposure  to  the  electromagnetic  fields  by  using  a  BIOPAC  MP  100 
Acquisition  System  Version  3.5.7  (Santa  Barbara,  USA). 
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Statistical  Analysis 

All  statistical  tests  were  performed  with  SPSS  software  (Statistical  Package  for  the  Social  Sciences, 
SPSS,  Inc.,  Chicago,  IL,  USA).  Data  obtained  from  study  were  compared  by  one-way  ANOVA  in  term  of 
differences.  Bonferroni  test  was  used  for  determining  that  the  differences  between  each  groups. 

Results 


The  extent  of  nerve  regeneration  was  studied  by  CMAPs.  The  amplitude,  duration,  area,  and  latency 
period  of  CMAPs  were  measured,  and  the  conduction  velocity  of  the  nerve  was  calculated. 


Table  1 

Conduction  Velocity  (Effect  of  50  Hz  sinusoidal  magnetic  field  exposure  on  regeneration  of  rat  sciatic  nerve) 


Groups 

Treatments 

(h/day) 

Magnetic 

field 

intensity 

Before  experiment 

measurements 

(m/s) 

3rdday 

measurements 

(m/s) 

/day 

measurements 

(m/s) 

(G) 

Average 

SD 

Average 

SD 

Average 

SD 

Control 

4 

0 

103.50 

28.55 

111.36 

0.80 

94.44 

26.84 

Group  I 

4 

10 

35.18 

18.67 

71.15 

49.57 

87.39 

37.03 

Group  II 

4 

20 

59.74 

46.53 

101.11 

26.75 

90.56 

41.60 

Group  III 

4 

30 

101.90 

31.36 

114.51 

23.60 

108.33 

12.50 

S  D:  Standard  Deviation 


CMAP  rate  analysis  have  showed  that  3  days  of  10  G  treatment  elongated  duration  compared  to  other 
three  groups  and  20  G  treatment  increased  duration  more  than  30  G  treatment.  This  results  show  that  CMAP 
period  increases  while  the  intensity  of  magnetic  field  decreases.  When  compared  to  control,  7  days  treatment  of 
20  G  decreases  total  CMAP  period  more  than  the  other  groups.  As  a  result,  it  is  observed  that  the  density  and 
frequency  of  magnetic  fields  used  in  this  study  had  no  effect  on  transmission  and  stimulation  of  nerves 
consequently  so  was  not  effecting  the  nerve  regeneration  (Table  1). 

In  the  study,  after  crush  injury  of  sciatic  nerve  in  the  period  of  first  3  days  treatments  of  magnetic  field 
showed  no  mass  differences  compared  to  control.  But  7  days  treatment  of  30  G  magnetic  field  decreased  mass 
of  the  rats  when  compared  to  control  while  the  other  groups  did  not  (Table  2). 

Table  2 


Effect  of  50  Hz  sinusoidal  magnetic  field  exposure  on  rats  weights 


Groups 

Measurements 

Average 
weights  (g) 

Standard 

deviation 

Control  (n=10) 

1. 

152.40 

17.57 

2. 

159.10 

17.02 

3. 

161.70 

15.83 

10  G  Group 

1. 

143.70 

18.84 

(n=10) 

2. 

141.30 

18.86 

3. 

142.70 

15.04 

1. 

148.20 

19.91 

20  G  Group 

2. 

155.20 

20.51 

(n=10) 

3. 

166.50 

19.21 

1. 

169.91 

15.27 

30  G  Group 

2. 

172.36 

17.77 

(n=10) 

3. 

175.30 

21.32 
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Conclusions: 

We  could  not  prove  a  neuroprotective  effect  of  electromagnetic  field  in  rat  crush  injury  model  using 
electrophysiological  method. 

Summary 

In  this  study  effects  of  weak,  sinusoidal  low  frequency  magnetic  field  (MF)  stimulation  on  regeneration 
of  the  rat  sciatic  nerve  were  investigated.  Forty  Wistar  rats  were  used:  they  were  underwent  unilateral  sciatic 
nerve  transaction  injury,  30  of  them  were  experiment  group  and  the  remaining  10  were  control  group.  The 
experiment  group  with  sciatic  nerve  lesion  was  divided  into  3  groups  randomly.  After  the  injury  all  of  the 
experiment  groups  were  exposed  to  sinusoidal  50  Hz  magnetic  field  of  10,  20  and  30  G  respectively.  During  the 
experiment  the  rats  were  put  between  a  pair  of  Helmholtz  coils  for  a  week  for  4  h/day.  The  other  ten  rats  were 
used  for  control. 

When  the  electrophysiological  results  were  estimated  on  the  3rd  and  7th  days  after  the  injury,  in  terms 
of  nerve  regeneration,  it  could  be  suggested  that  treatments  of  different  magnetic  field  densities  have  no 
statistically  important  effect  on  the  CMAP  amplitude,  area  and  the  rate  of  conduction. 

CMAP  rate  analysis  have  shown  that  3  days  of  10  G  treatment  elongated  duration  compared  to  other 
three  groups  and  20  G  treatment  increased  duration  more  than  30  G  treatment.  These  results  show  that  CMAP 
period  increases  while  the  intensity  of  magnetic  field  decreases.  7  days  of  treatment  of  20  G  found  to  decrease 
total  CMAP  period  more  than  the  control  group.  As  a  result,  it  is  observed  that  the  density  and  frequency  of 
magnetic  fields  used  in  this  study  has  no  effect  on  transmission  and  stimulation  of  nerves,  and  also  to  the 
peripheral  nerve  regeneration. 

In  the  study,  after  crush  injury  of  sciatic  nerve  in  the  period  of  first  3  days  treatments  of  magnetic  field 
showed  no  mass  differences  compared  to  control.  But  7  days  treatment  of  30  G  magnetic  field  decreased  mass 
of  the  rats  when  compared  to  control  while  the  other  groups  did  not. 
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Abstract 

We  compared  the  effect  of  microwave  irradiation  on  the  red  fluorescent  protein  (DsRed)  placed  in  a 
cylindrical  resonant  cavity  with  that  of  conventional  heating.  Our  measurements  show  that  the 
fluorescence  intensity  in  either  case  decreases  by  ~  1%  per  degree  centigrade,  indicating  that  the 
microwave  effect  on  the  sample  is  mostly  a  thermal  one. 


1.  Introduction 

In  this  work  we  studied  the  influence  of  microwave  field  on  the  DsRed,  a  red  fluorescent  protein  (RFP) 
from  Discosoma  coral1.  The  DsRed  has  a  very  stable  three  dimensional  beta-can  barrel  structure,  but  its 
emission  spectrum  is  shifted  to  longer  wavelength  ,  with  a  maximum  intensity  at  X=583  nm  2'  3  .  The 
sample,  placed  in  a  cylindrical  cavity,  was  excited  by  the  CW  excitation  at  488  nm  by  an  Argon  laser.  We 
performed  our  experiments  on  RFP  in  a  buffer  solution,  and  have  monitored  changes  in  its 
photoluminescence  under  microwave  irradiation  and  compared  it  to  the  changes  in  fluorescence  under 
conventional  heating.  Previous  studies  indicate  that  the  microwave  field  effect  on  proteins  in  solution  and 
on  living  tissues  can  not  be  entirely  reduced  to  heating  4'  5’  6  7  ,  while  when  the  biomolecule  is  in  the 
crystalline  form,  the  effect  of  microwave  irradiation  is  indistinguishable  from  conventional  heatings.  Our 
group  has  recently  found  a  specific  effect  of  the  microwave  field  on  the  Enhanced  Green  Fluorescent 
Protein  fluorescence  in  solution  9.  it  is  surprising  since  the  theoretical  analysis  of  microwave  interaction 
with  biological  system  does  not  leave  many  possibilities  for  non-thermal  microwave  effect  on  biological 
system.  Adair  10  showed  that  the  resonance  excitation  of  biological  molecules  in  solution  at  microwave 
frequency  is  highly  improbable.  Foster11  demonstrated  that  thermal  gradients  on  the  nanometric  scale  are 
exceedingly  small.  The  pupose  of  our  present  approach  is  to  study  the  effect  of  microwave  field  on  the 
protein  fluorescence  in  solution  in  real  time. 


2.  Experimental  Setup 

We  placed  a  transparent  glass  pipette  filled  with  buffer  solution  containing  DsRed  inside  an  X-band  TE0n 
cylindrical  resonant  cavity  (Fig.  1.).  We  drilled  two  small  holes  in  the  sidewalls  of  the  cavity  to  introduce 
laser  beam  and  to  observe  fluorescence.  The  pipette  is  mounted  slightly  off-center.  The  cavity  is  fed  using  a 
HP  83623A  synthesized  sweeper.  We  directed  a  488  nm  Argon  laser  beam  (Omnichrome  Series  43) 
through  the  pipette  and  picked  up  the  fluorescence  at  90°  using  an  objective  lens  coupled  to  a 
monochromator  (DK480)  through  an  optical  fiber  (Oriel,  Model  77539).  The  monochromator  is  connected 
to  a  cooled  photomultiplier  (Product  for  Research,  Model  TE177RF)  operating  in  the  counting  mode 
(SR400  Two  channel  Gated  photon  counter).  In  some  experiments  we  also  used  a  stereo  microscope  (Zeiss, 
Stemi  2000-c)  connected  to  a  digital  camera. 
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Fig.  1.  Experimental  setup  -  Top  view.  The  pipette  with  a  fluorescing  solution  is  mounted  in  the 
cylindrical  microwave  cavity  operating  at  9.5  GHz.  The  pipette  is  slightly  off-center  of  the  cavity 
and  it  is  irradiated  by  the  laser  beam  through  a  small  hole  in  the  cavity  sidewall.  The 
photoluminescence  under  microwave  field  is  analyzed.  The  sample  is  visualized  using  a 
stereomicroscope  and  a  digital  camera. 


3.  Mode  of  operation 

Our  63.5  mm  diameter  cylindrical  cavity  operates  in  the  TE0n  mode.  Under  this  mode  of  operation  the 
currents  are  annular  and  there  is  no  electrical  current  flow  in  either  the  radial  or  longitudinal  direction  (Fig. 
2.).  This  property  enables  us  to  fine  tune  the  frequency  by  moving  the  piston-like  end  plate  in  and  out.  A 
brass  screw  is  used  to  maximize  the  coupling  between  the  cavity  and  the  coaxial  adaptor. 


Tuning  control 


63.5  mm 


Fig.  2.  (a)  Cavity  design  -  Cross  sectional  view.  The  microwave  enters  the  cavity  through  a  coax-to- 
waveguide  adaptor  and  a  coupling  hole  while  the  fluorescence  exits  from  the  other  side  of  the  cavity,  (b) 
Cavity  fields-  Top  view. 

We  measured  microwave  reflectivity  using  a  vector  network  analyzer  (HP  8510  C).  Knowing  the  field 
distribution  in  the  cavity,  we  placed  the  sample  (10  mm  long  and  1.5  mm  wide)  slightly  off-center  where 
there  is  some  electric  field.  Note,  that  the  electric  field  in  the  center  of  cavity  is  zero.  Care  was  taken  not 
to  destroy  the  Q-factor  of  the  cavity  (Fig.  3.). 
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Fig .  3.  Microwave  reflectivity,  Sn,  with  (dashed  line)  and  without  (solid  line)  the  sample  in  a  TE0n 
cylindrical  cavity.  When  the  sample  is  placed  inside  the  cavity  the  resonance  curve  is  slightly  perturbed. 


Liquid  crystal  as  a  temperature  indicator 

A  very  important  issue  in  our  experiments  is  independent  control  of  the  sample  temperature  under 
microwave  irradiation.  The  important  requirement  here  is  that  the  temperature  sensor  should  not  perturb 
microwave  field.  Therefore,  rather  than  to  use  a  thermocouple,  we  looked  for  other  methods.  We  took  a 
thin  sheet  of  commercial  film  of  cholesteric  liquid  crystal  (LC)  indicator  which  changes  its  color  when  its 
temperature  is  between  35°C-  36°C  .  Using  a  stereomicroscope  and  a  digital  camera,  we  first  verified  that 
the  dry  LC  indicator  alone  doesn’t  change  color  even  under  a  maximum  microwave  power  of  250  mW. 
Since  our  buffer  solution  consists  mainly  of  water,  we  filled  the  same  amount  of  distilled  water  in  a  thin 
glass  pipette  (just  as  with  the  RFP  sample),  put  it  inside  the  cavity  together  with  a  small  piece  of  LC  (1.3  x 
3.3  mm")  inside  and  watched  for  color  changes  as  the  incident  microwave  power  is  varied.  Under  maximal 
incident  power  the  indicator  changes  its  color.  When  the  incident  power  gets  smaller  than  ~  1 00m\V,  the 
indicator  changes.  This  means  that  at  the  incident  power  of  «100mW  the  temperature  of  the  indicator  is 
35°C-  36°C,  i.e.  it  exceeds  ambient  temperature  (22°C)  by  13°C-  14°C.  Since  the  temperature  rise  is 
proportional  to  the  incident  microwave  power,  we  conclude  that  each  1  mW  of  the  incident  microwave 
power  results  in  the  solution  temperature  rise  of  ~  0.07  °C. 


Fluorescence  Spectrum  measurement  under  conventional  heating 

To  observe  the  temperature  dependence  of  the  RFP  fluorescence  upon  conventional  heating  and  in  the 
absence  of  microwave  irradiation,  we  used  a  CCD  detector  (MS  125  ™  l/8m  spectrograph,  model  77400 
Newport).  The  glass  tube,  which  is  sealed  on  one  side  and  opened  from  another  allows  introduction  of  a 
small  thermocouple  inside  the  sample  (RFP)  near  the  laser-illuminated  spot.  The  pipette  with  the  solution 
was  placed  in  a  heated  water  bath.  The  fluorescence  was  picked  up  at  90°  to  the  laser  beam  by  a  fiber 
bundle  focusing  assemblies  (model  77799  Newport),  coupled  to  the  CCD  detector  and  to  the  computer.  As 
we  slowly  varied  the  water  bath  temperature,  between  26°  C  and  36°  C,  we  measured  the  fluorescence 
spectrum. 
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4.  Experimental  Results 

The  Fig. 4  shows  the  DsRed  fluorescence  spectrum  in  the  absence  and  in  the  presence  of  the  microwave 
field.  First  we  measured  the  spectrum  without  microwave  irradiation  (dashed  line).  Then  we  turned  on  the 
microwave  for  30  sec.,  performed  the  measurement  (solid  line)  and  turned  it  off.  Under  microwave 
irradiation  the  fluorescence  intensity  is  reduced.  Having  the  relation  between  the  microwave  power  and  the 
temperature  we  see  that  there  is  ~1%  fluorescence  decrease  per  one  degree  centigrade.  The  process  is 
reversible  as  can  be  seen  by  the  spectrum  marked  by  the  squares. 


500  520  540  560 


580  600  620 

A.  [nm] 


640  660  680  700 


Fig.  4.  RFP  fluorescence  spectrum  (normalized  with  respect  to  the  fluorescence  at  583  nm  before 
irradiation)  under  488  nm  excitation  at  room  temperature  before,  during  and  after  microwave  field.  It  is 
seen  that  under  100  mW  microwave  irradiation  the  spectrum  is  reduced  mainly  in  the  peak  (A,=583  nm). 
Note  a  “valley”  at  540  nm. 


The  next  step  was  to  measure  the  kinetics  of  microwave  effect  on  the  RFP  fluorescence  (Fig.  5.).  We 
picked  the  wavelength  of  maximum  intensity,  turned  on  the  microwave  (lOOmW)  and  monitored  the 
fluorescence  decrease.  Then  we  turned  off  the  microwave  and  observed  how  the  fluorescence  reaches  its 
pre-exposure  level.  As  the  power  increases  the  fluorescence  “valley”  decreases. 
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Fig  5.  Fluorescence  (at  7=583  nm)  variation  upon  switching  the  microwave  field  on/off.  First  arrow  on 
the  left  upper  side  indicates  the  moment  when  the  microwave  irradiation  is  switched  on  while  the  arrow  at 
the  bottom  indicates  a  moment  when  the  microwave  irradiation  is  switched  off. 
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Fig.  6.  A  decrease  in  fluorescence  (at  583  nm)  as  a  function  of  the  microwave  power  (dBm). 


The  effect  of  microwave  on  the  DsRed  should  be  compared  to  conventional  heating  of  the  protein.  Figure  7 
below  shows  the  RFP  fluorescence  spectrum  for  two  different  temperatures  measured  with  a  CCD  detector. 
Since  the  glass  tube  is  placed  inside  a  water  thermal  bath  with  a  thermocouple  inside  the  sample  we  can 
measure  the  fluorescence  spectrum  for  different  temperature.  When  the  temperature  is  slowly  increased 
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from  26°C  to  36°C  the  fluorescence  decreases  by  about  10%.  Therefore  there  is  a  ~1%  decrease  per  one 
degree  centigrade. 
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Fig.  7.  RFP  fluorescence  spectrum  (normalized)  under  488  nm  excitation.  The  glass  tube  with  the  protein 
solution  was  placed  in  a  heat  water  bath  and  the  spectrum  was  measured  for  two  different  temperatures 
using  a  thermocouple  inside  the  sample.  Upon  increasing  the  temperature  the  fluorescence  decreases 
mainly  in  the  peak  (—583  nm). 


Since  the  effect  of  conventional  heating  on  the  fluorescence  spectrum  of  the  RFP  is  wavelength-dependent 
we  present  below  the  temperature  dependence  of  the  fluorescence  for  several  wavelengths. 
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Fig.  8.  Normalized  fluorescence  as  a  function  of  the  temperature  for  different  wavelengths.  Upon 
increasing  temperature  the  fluorescence  does  decrease  but  in  different  proportion  around  the  spectrum. 
Watch  for  example  difference  of  the  580  nm  and  the  640  nm  line. 

Summary 

Our  present  experiments  indicate  that  the  effect  of  microwave  irradiation  on  the  dsRed  fluorescence  in 
solution  can  be  reduced  to  thermal  heating.  This  is  different  from  our  recent  experiments  with  another 
fluorescent  protein  9,  EGFP,  where  we  observed  that  the  effect  of  microwave  irradiation  was  stronger  than 
the  heating  which  accompanies  microwave  irradiation.  Even  though  the  GFP  and  the  DsRed  seem  to  share 
the  same  “barrel”  form,  the  latest  is  known  for  his  greater  stability  due  to  his  oligomeric  structure  to 
elevated  temperature  and  other  physical  factors  2.  We  are  now  studying  the  effect  of  microwave  field  on  the 
EGFP  in  our  cavity-based  set-up  as  well  as  the  microwave  effect  on  the  well-known  fluorescence 
anisotropy  of  both  proteins. 
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The  influence  of  the  magnetic  field  on  the  enzyme  activity  depends  on  the  intensity  as  well  as  the  period  of 
exposition.  In  this  research  the  effect  of  a  static  magnetic  field  (SMF)  with  intensity  of  lOmT  and  30mT  on  the 
enzyme  activity  of  superoxide  dismutase  (SOD)  and  catalase  (CAT)  in  suspension-cultured  of  the  tobacco  cells 
were  investigated.  Suspension  cultures  in  the  exponential  phase  of  the  growth  were  exposed  continuously  for  5 
days  each  5  hours  to  SMF  of  10  and  30  mT.  The  result  showed  that  the  exposure  to  SMF  caused  an  increase  in 
the  activity  on  the  treatment  cells  (n=24)  compared  with  the  controls  (n=24).  The  best  obtained  average  for 
enzymes  activity  of  SOD  on  treatment  group  was  0.88  ±  0.01  (AAbs/mg.  protein)  while  the  best  obtained 
average  for  enzymes  activity  of  SOD  on  control  group  was  0.55±0.02  (AAbs/mg.  protein).  Similarly,  the  best 
obtained  average  for  enzymes  activity  of  CAT  on  treatment  group  was  296.61±122.87  (AAbs/mg.  protein)  while 
the  best  obtained  average  for  enzymes  activity  of  CAT  on  control  group  was  162.72±24.06  (AAbs/mg.  protein). 
Our  results  showed  that  the  exposure  of  treated  cells  with  a  SMF  with  10  and  30  mt  can  cause  an  increase  in  the 
enzyme  activity  of  SOD  and  CAT. 


Introduction 

Magnetic  fields  (MF)  are  widely  distributed  in  environment  and  their  effects  are  interesting  with  the  burgeoning 
development  of  electrical  machines  [Ishisaka  et  al.  2000]. There  are  arguments  for  both  positive  and  negative 
effects  of  EMF  on  living  systems [Yoshikawa  et  al.  2000].  The  exact  mechanism  of  these  effects  remains 
unknown  and  still  under  investigation.  The  effects  of  electromagnetic  field  exposure  on  cells  can  be  difficult  to 
interpret  because  findings  are  often  contradictory.  Difficulties  may  arise  because  effects  are  small  and  because 
of  variations  in  magnetic  field  parameters  such  as  strength,  duration  of  exposure  and  the  type  of  magnetic  field 
(AC  or  DC).  Confounding  variables  can  also  arise  from  differences  in  the  cell  type  and  from  the  effects  of 
differentiation  cues  [Mcfarlane  et  al.  2000].  One  of  the  most  important  hypotheses  is  such  fields  cause  an 
increase  the  average  concentration  of  free  radicals  (oxygen  free  radicals),  lengthen  their  life  time,  in  living 
organisms  which  results  in  the  formation  of  excessive  amounts  of  active  oxygen  forms  [Sobczak  et  al.  2002, 
Scaiano  et  al.  1994,  Lee  et  al.  2004].  They  induce  change  in  enzyme  activity,  gene  expression,  and  release  of 
calcium  from  intracellular  storage  sites;  affect  membrane  structure,  cell  growth,  and  cell  death  [Kwee  and 
Rashkmark  1998,  Olivares-Barnuelos  2004,  [Robison  et  al.  2002].  Free  radicals  are  very  reactive  and  unstable 
molecular  species  that  can  initiate  chain  reactions  to  form  new  free  radicals.  Although  formed  as  a  result  of  a 
wide  range  of  normal  biochemical  process,  they  are  potentially  damaging  .Several  mechanisms  are  in  place  to 
neutralize  and  endogenous  enzymatic  antioxidant  defenses  that  generally  hold  the  production  of  free  radicals 
and  prevent  oxidant  stress  and  subsequently  tissue  damage.  The  balance  between  the  oxidants  and  the 
antioxidants  may  be  disturbed  by  an  increase  in  free  radical  production  or  by  a  reduction  in  antioxidants.  This 
imbalance  between  the  oxidants  and  the  antioxidants  can  lead  to  oxidative  stress  which  is  a  series  of  peculiar 
and  potentially  damaging  biochemical  reactions  [Moustafa  et  al.  2001]. 

These  mechanisms  have  been  initially  studied  on  plants  after  they  used  as  target  model  in  different  stresses.  The 
previous  results  showed  that  they  produce  large  amounts  of  active  oxygen  species  such  as  superoxide  anion  (- 
02),  hydroxyl  radical  (°OFl)  and  hydrogen  peroxide  (F1202)  that  can  result  in  photoinhibition  and 
photooxidation.  We  considered  the  magnetic  field  as  a  physical  stress  and  we  intended  to  study  the  response  of 
the  selected  cell  plant  in  antioxidant  defense  systems.  We  assumed  that  this  response  is  a  protective  mechanism 
that  enables  cells  to  survive  .It  is  activated  by  a  wide  variety  of  environment  stimuli,  such  as  high  temperature, 
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oxygen  starvation,  and  heavy  metals,  as  well  as  EMFs.  We  intended  to  clarify  this  point  because  we  know  that 
most  organism  have  enzymatic  systems  associated  with  SOD  and  CAT  to  scavenge  such  active  oxygen  species. 
In  the  present  research  suspension-cultured  tobacco  cells  (Nicotiana  tabacum)  were  used  as  a  model  to  evaluate 
the  response  of  tobacco  cells  when  it  exposed  to  a  static  magnetic  field.  Also  the  intensity  of  the  magnetic  field 
on  the  rate  of  enzymes  activity  was  investigated.  Tobacco  cells  were  considered  as  model  because  there  is  a 
potential  to  extract  a  homogenate  and  undifferentiated  embryonic  batches  of  cells  through  carrying  out  too  many 
subcultures.  Thus,  the  present  study  was  designed  to  evaluate  the  effects  of  exposure  to  SMF  on  some 
parameters  indicative  of  oxidative  stress  (SOD  and  CAT)  in  tobacco  cells. 

Suspension-cultured  tobacco  cells  (Nicotiana  tabacum)  were  initially  grown  in  Linsmaier  &  skoog  (LS) 
medium.  The  calli  from  which  suspensions  were  established  had  been  maintained  in  our  laboratory  for  several 
years.  We  extract  the  suspension  cultures  after  52  subcultures.  This  provided  a  homogenate  and  undifferentiated 
embryonic  batches  of  cells  which  could  be  considered  as  a  good  target  for  our  study.  Furthermore  by  doing  so, 
it  seems  that  no  longer  have  they  kept  their  original  properties  and  their  physiological  response  to  static 
magnetic  field  resembles  physiological  response  of  a  plant  cells  regardless  of  it  species.  The  prepared  cells  were 
then  incubated  at  25°Cin  darkness  on  an  orbital  shaker  at  100  rpm.  The  suspension  of  cells  were  then  transferred 
(1.3gr  fresh  weight)  at  7  day  intervals  [Kuboi  and  KAji  1994]  into  30ml  of  fresh  medium  in  a  100ml 
Erlenmeyer  flask.  We  initially  extracted  the  growth  and  the  differentiation  indices  of  tobacco  cell  by  studying 
the  tobacco  growth  cells  curve.  The  cells  in  the  exponential  phase  of  the  growth  curve  were  then  exposed 
continuously  for  5  days  (from  3  to  7  sub-cultured)  with  exposure  rate  of  5  day  to  10  and  30mT  in  a  local 
designed  SMF.  The  cells  were  harvested  after  5day  of  treatment  and  frozen  in  liquid  N2  and  kept  at  -  80  °C 
until  used  for  biochemical  measurements. 

The  apparatus  (Fig.  1)  which  we  used  to  create  the  static  magnetic  field  had  two  coils  each  with  3000  turns  of 
1mm  of  enameled  copper  wire.  This  provided  a  highly  homogenous  field  enabling  us  to  put  our  prepared  cells 
into  a  large  and  homogenous  field.  To  intensify  the  field  we  used  iron  surfaces  that  had  been  separated  by 
diamagnetic  materials  to  avoid  the  turbulence  currents. 

Thirty  milliliter  cell  culture  flasks  containing  tobacco  cell  cultures  were  put  into  the  center  of  cylinder  container 
(length  17cm)  that  allowed  the  placement  of  multiple  or  single  flasks  within  apparatus  simultaneously.  The 
flasks  were  placed  so  that  laid  perpendicular  to  the  direction  of  the  generated  magnetic  field.  The  control 
samples  were  kept  in  the  same  condition  regarding  the  temperature,  humidity  and  light.  Using  the  prepared 
calibration  curve  obtained  for  the  apparatus  to  initialize  a  magnetic  field  with  the  intensity  of  lOmT  and  30mT,  a 
current  of  5  ampere  and  25  ampere  were  transferred  through  the  circuit  respectively. 

Frozen  samples  (200  mg  fresh  weight)  were  homogenized  in  3  ml  FIEPES-KOF1  buffers  (pFI  7.8)  containing  0.1 
mM  EDTA.  The  homogenate  was  centrifuged  at  15000  x  g  for  15  min.  All  operation  was  performed  at  4  °C. 
The  supernatant  was  used  for  SOD  (EC  1.15.1.1)  activity  [Giannopolitis  and  Ries  1977].  Reaction  mixture  (3 
ml)  consisted  of  50  mM  HEPES-KOH  buffer  (pH  7.8),  0.1  mM  EDTA,  50  mM  Na2C03  (pH  10.2),  12  mM  L- 
methionine,  75  pM  NBT,  300  pL  enzyme  extract  and  1  pM  riboflavin.  One  unit  SOD  activity  was  defined  as 
the  amount  of  enzyme  required  to  result  in  a  50%  inhibition  of  the  rate  of  NBT  reduction  measured  at  560  nm. 
Activity  of  CAT  (EC  1.11.1.6)  was  measured  in  a  reaction  mixture  containing  25  mM  Na-phosphate  buffer  (pH 
6.8),  10  mM  H202  and  enzyme  extract  in  a  total  volume  of  1  mL.  The  decomposition  of  H202  was  followed  by 
the  decline  in  absorbance  at  240  nm  [Cakmak  and  Horst  1991].  In  brief,  samples  were  homogenized  in  1  mL  of 
50  mM  Na-phosphate  buffer  (pH  7.8)  containing  5  mM  ascorbate,  5  mM  DTT,  5  mM  EDTA,  100  mM  NaCl 
and  2%  (W/V)  PVP.  The  homogenate  was  centrifuged  at  15000  x  g  for  15  min  at  4  °C.  The  reaction  was 
initiated  by  adding  H202  to  a  final  concentration  of  44  pM.  The  reaction  rate  was  monitored  by  the  decrease  in 
absorbance  at  290  nm.  The  rate  constant  was  calculated  using  the  extinction  coefficient  of  2.8  mM-1  cm- land 
corrected  for  the  rate  obtained  prior  to  the  addition  of  H202.  The  protein  contents  were  determined  by  the 
method  of  Bradford  [1976],  using  bovine  serum  albumin  (BSA)  as  standard.  All  experiments  were  repeated 
with  at  least  three  independent  repetitions  and  all  data  were  expressed  as  the  mean  values  ±  standard  deviation 
(SD).  The  Statistical  analysis  was  performed  using  student's  t-test  at  p<0.05  significant  level  of  the  difference. 
The  results  showed  that  the  exposure  of  the  magnetic  field  caused  an  increase  in  the  antioxidant  enzymes 
activity  (SOD  &  CAT)  on  the  treatment  cells  (n=24)  compared  with  the  controls  (n=24).  The  obtained  average 
for  enzymes  activity  of  SOD  on  treatment  group  was  0.88  ±  0.01  (nm/mg.  protein)  while  the  obtained  average 
for  enzymes  activity  of  SOD  on  control  group  was  0.55±0.02  (nm/mg.  protein)  (Fig. 2).  Similarly,  the  best 
obtained  average  for  enzymes  activity  of  CAT  on  treatment  group  was  296.61±122.87  (nm/mg.  protein)  while 
the  best  obtained  average  for  enzymes  activity  of  CAT  on  control  group  was  162.72±24.06  (nm/mg.  protein) 
(Fig.  3).  The  average  results  for  the  enzymatic  antioxidative  activity  of  SOD  and  CAT  for  treatment  as  well  as 
control  in  two  intensities  of  10  and  30  mT  were  presented  in  table  1.  These  results  showed  that  the  activity  of 
SOD  in  tobacco  cells  has  been  increased  for  both  intensities  (10  and  30  mT)  in  treatment  cells.  In  contrast  the 
activity  of  CAT  showed  a  significant  decreasement  in  treatment  cells  compared  with  control.  Our  results 
showed  significant  difference  of  enzymes  activity  in  treatment  and  control  cells  for  SOD  (two-tailed  p<0.05) 
and  CAT  (two-tailed  p<0.03)  at  30  mT.  Similarly,  the  enzymes  activity  in  treatment  and  control  cells  for  SOD 


207 


PARVIZ  ABDOLMALEKI,  FAEZEH  GHANATI 


(two-tailed  p<0.04)  and  CAT  (two-tailed  p<0.01)  at  10  mT  showed  a  significant  difference.  Regardless  of 
enzyme  activity  obtained  for  CAT  which  show  a  bigger  difference  at  30  mT  compared  to  10  mT  (fig3),  there 
was  not  reasonable  difference  of  enzyme  activity  for  SOD  as  far  as  the  intensity  is  concern  (fig2).  These  results 
show  that  the  enzymes  activity  is  not  directly  dependent  to  intensity  at  these  two  selected  intensity  of  10  and  30 


mT. 


Fig.l.  Locally  designed  static  magnetic  field  generator 
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Fig. 2.  Effect  of  SMF  with  different  intensities  on  the  activity  of  SOD  in  tobacco  cells.  Data  are 
means  of  three  different  experiments  in  triplicate  +  SD.  Different  letters 
In  each  group  shows  significant  difference. 
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Fig. 3.  Effect  of  SMF  with  different  intensities  on  the  activity  of  CAT  in  tobacco  cells 
Data  are  means  of  three  different  experiments  in  triplicate  ±  SD.  Different  letters 
In  each  group  shows  significant  difference. 
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Summary 

In  recent  years,  the  results  of  experimental  studies  have  revealed  that  magnetic  fields  of  moderate  amplitudes 
(B=l-100mT)  may  alter  the  activity  of  certain  enzyme  reactions.  An  interpretation  of  the  magnetic  field  activity 
observed  in  the  enzyme  reactions  is  based  on  the  radical  pair  mechanisms  [Zmyslony  et  al.  2000].  We  actually 
tried  10  and  30mT  in  the  initial  stage  of  our  in  vivo  experiment  because  these  strengths  are  in  the  range  that 
humans  most  often  experience  in  our  daily  lives  [Li  and  Chow  2001].  Compared  to  the  pervious  works  which 
dealing  with  alternative  current  (AC)  we  assume  that  the  effect  of  static  magnetic  field  using  DC  current  on 
enzymes  activity  is  more  severe.  This  is  justifying  because  the  cycle  of  50HZ  takes  20ms  and  the  lifetime  of  a 
radical  pair  encounter  is  no  longer  than  a  few  microseconds.  It  is  therefore  clear  that  the  radical  pairs  may  be 
affected  for  a  long  and  continuous  time  interval  by  the  static  magnetic  field  [Zmyslony  et  al.  2000].  This  may 
extend  the  life  time  of  the  free  radical  and  its  potential  damage  could  be  exaggerated. 

Plants  have  several  antioxidant  enzymes  and  metabolites  located  in  different  plant  cell  compartments,  the 
main  ones  being  SODs  a  family  metalloenzymes  that  convert  0°2  to  H202.  Because  superoxide  is  the  first 
product  of  univalent  reduction  of  oxygen,  SOD  is  considered  as  the  “primary  defense”  against  oxygen  radicals 
[Banister  et  al.  1989].  The  product  of  SOD,  hydrogen  peroxiode,  requires  further  detoxification.  This  is 
achieved  by  other  enzymes  and  non-enzymatic  antioxidants  that  may  differ  among  the  various  cellular 
compartments.  H202  is  reduced  to  water  by  ascorbate  peroxidase  (APX).This  enzyme  uses  a  large  pool  of 
lOmM  ascorbate  present  in  the  chloroplast  and  oxidizes  it  to  monodehydroxyascorbate[Noctor  and  Foyer  1998]. 
Also,  catalases  (CATs)  which  are  tetrameric  heme-containing  enzymes  that  similarly  catalyze  the  removal  of  H2 
02  [Willekens  et  al.  1995].  Changes  in  catalase  in  response  to  other  stress  conditions  have  also  previously  been 
reported.  Willekens  and  coworker  studied  the  three  isoenzymes  of  catalases  in  response  to  environmental 
challenges  such  as  UV-B,  03,  and  S02  [Willekens  et  al.  1995].  As  a  consequence  of  its  sensitivity  to 
environmental  conditions,  early  loss  of  catalase  was  suggested  as  a  signal  for  antioxidant  defenses  stimulus 
[Feierabend  et  al.  1996].  In  a  similar  way,  we  tried  the  effect  of  the  exposing  to  the  SMF  as  another  physical 
stress  on  catalase  inhibition  to  investigate  whether  it  can  mediate  defenses  in  tobacco  cells  or  not. 

In  our  study,  a  statistically  significant  CAT  activity  decrease  was  observed.  Such  a  condition  may  indicate 
abnormal  function  of  the  antioxidant  system  caused  by  SMF  which  can  lead  to  a  high  concentration  of  H2  02  in 
the  cells.  This  incensement  in  H2  02  can  cause  a  toxic  condition.  Spychalla  and  Desborogh  [1990]  emphasized 
that  the  overproduction  of  the  H2 02-generating  SOD  must  always  be  combined  with  increased  levels  of  H2  02 
-metabolizing  catalase  and/or  peroxidase.  Such  combination  can  generate  a  powerful  scavenging  of  toxic 
oxygen  forms.  On  the  contrary,  an  increase  in  SOD  activity  alone  might  enhance  cytotoxicity  by  active  oxygen 
species  likely  owing  to  the  accelerated  H2  02  generation  and  subsequent  OH°  overproduction  by  the  metal 
catalyzed  Haber-Weiss  reaction  [Piacentini  et  al.  2001].  Indeed,  H2  02  accumulation  may  itself  lead  to  higher 
active  oxygen  species  (AOS)  production  [Spychalla  and  Desborogh  1990].  The  inconsistent  action  SOD  and 
CAT  enzymes  as  happened  in  our  study  due  to  the  exposing  to  the  static  magnetic  field  contributes  to  increase 
the  deteriorate  effect  of  H2  02  and  above  all  the  risk  of  OH°  formation,  the  decrease  survival  and  the 
appearance  of  signs  of  senescence.  This  could  be  happened  through  reactivating  few  oxygen  species  that  cause 
change  vital  functions.  As  a  result  we  can  consider  that  tobacco  cells  may  efficiently  metabolize  superoxide  but 
may  have  difficulties  in  eliminating  the  hydrogen  peroxide  when  exposing  to  SMF.  Evidence  is  reviewed  here 
showing  that  SMF  can  increase  free  radicals  and  alter  enzyme  reactions  which  could  highlight  the  activity  of 
oxidant  radicals. 

Although  formed  in  normal  cell  metabolism,  free  radicals  are  potentially  damaging  and  can  initiate  chain 
reactions  to  form  new  free  radicals.  A  main  protective  role  against  free  radicals  is  attributed  to  SOD  in 
catalyzing  and  dismutation  of  superoxide  anions  to  02  and  H202  (Sreenivasulu  et  al.,  2000).  The  activity  of 
SOD  increased  from  0.05  ±  0.004  to  0.09  ±  0.005  in  10  mT  and  from  0.07  ±  0.002  to  0.11  ±  0.006  in  30  mT  MF 
treatments.  It  means  that  exposure  to  MF  caused  increases  by  74%  and  87%  in  unit  of  SOD  activity  in  10  and  30 
mT-treated  tobacco  cells,  respectively.  It  implies  the  first  step  of  the  increased  production  of  free  radicals  by  MF 
in  tobacco  cells.  An  increase  in  SOD  activity  might  enhance  cytotoxicity  by  active  oxygen  species  likely  owing 
to  the  accelerated  H2  02  generation  and  subsequent  OH*  overproduction  by  the  metal  catalyzed  Haber-Weiss 
reaction  (Piacentini  et  al.  2001).  Likewise,  the  activity  of  CAT  was  also  reduced  from  247±  15  to  146  ±  8  in  10 
mT  and  from  264  ±  37  to  80  ±  11  in  30  mT  MF  treatments.  Interestingly,  the  ratio  of  the  reduction  of  CAT 
activity  in  30  mT-treated  cells  was  remarkably  more  than  those  treated  with  MF  of  10  mT  (70%  versus  41%). 
Further  experiments  involving  exposure  of  cells  for  a  different  time  and  at  various  magnetic  field  flux  densities 
make  it  possible  to  establish  threshold  values  for  this  biological  effect  [Jajte  et  al.  2001]. 
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Abstract:  The  large  number  of  radio  frequency  (RF)  transmitters  employed  in  combat  systems  of  modem  Naval  surface 
combatants  requires  that  they  operate  in  mutual  coexistence  while  posing  no  danger  to  operators  and  equipment  despite  the 
limited  available  physical  space.  A  key  to  the  successful  combat  system  integration  is  the  control  of  the  electromagnetic 
environment  on  the  combatants’  topsides,  which  might  pose  radiation  hazards  (RADHAZ)  to  personnel  (HERP).  HERP  are 
caused  by  transmitter  antenna  installations  that  generate  intentional  EM  radiation  in  excess  of  the  safe  levels  in  zones  of 
personnel  activity.  Radiation  safety  to  personnel  is  achieved  when  the  average  radiation  power  density  is  below  the  permissible 
exposure  limits  (PEL)  for  HERP  at  locations  of  personnel  activity  and  medical  equipment  operation.  This  paper  describes  the 
analysis  tools  and  techniques  for  the  evaluation  of  HERP  on  surface  combatants.  The  same  approaches  could  be  employed  in 
the  analysis  of  land  site  antenna  deployment  scenarios. 


Introduction 

Modern  surface  naval  combatants  employ  a  vast  array  of  electronic  systems  in  order  to  accomplish  their  warfare  missions. 
Toward  this  end,  electronic  systems  utilized  in  combatants  comprise  powerful  transmitters,  some  of  which  are  broadband  such 
as  radar  and  ECM  systems.  These  systems  operate  at  frequencies  from  HF  to  Ka-band  in  order  to  perform  an  assortment  of 
tasks:  data  and  voice  communications,  radar  search  and  track  operations,  fire  control  and  weapon  guidance  activity,  electronic 
warfare,  etc. 

As  the  electromagnetic  radiation  (EMR)  sources  on  combatants’  topsides  are  confined  to  extremely  limited  space  on  the 
combatants’  topsides,  they  might  compromise  the  EMR  safety.  Therefore,  the  EM  environment  on  combatant  topsides  has  to  be 
controlled  by  either  the  proper  placement  of  the  effectors  (hard  solutions)  or/and  by  establishing  suitable  system  operational 
procedures  (soft  solutions). 

RADHAZ  are  caused  by  transmitter  antenna  installations  that  generate  intentional  EMR  in  excess  of  safe  levels  in  zones  of 
personnel  activity,  ordnance  storage  and  handling  regions,  or  fueling  operations  areas.  Correspondingly,  RADHAZ  is 
categorized  according  to  the  following  three  major  groups  of  hazards  of  EMR  to: 

□  Personnel  (HERP)  -  harmful  effects  to  humans, 

□  Ordnance  (HERO)  -  initiation  of  electro-explosive  devices  by  induced  currents, 

□  Fuel  (HERE)  -  ignition  of  flammable  atmosphere-fuel  vapors  mixed  with  air. 

In  the  context  of  EMR  hazard  to  personnel,  HERO  and  HERF  pose  indirect  hazard;  therefore,  they  will  not  be  discussed. 

It  follows  that  during  the  process  of  combatant  topsides  integration,  the  electromagnetic  compatibility  (EMC)  engineering 
should  address  HERP  issues  by  controlling  the  EM  environment,  by  design.  EM  Safety  is  achieved  when  either  all  the  EMR 
levels  onboard  the  ship  are  below  the  HERP  PEL’S  at  topside  test  point  (TP)  locations  where  personnel  activity  takes  place. 

From  the  engineering  point  of  view,  the  analysis  of  the  EM  environment  on  the  combatant  topsides  should  reflect  “worst  case 
scenarios”.  Due  to  its  complexity,  combatant  topside  design  is  performed  by  means  of  computer  analysis  tools.  The  methods 
utilized  in  the  software  for  topside  EM  analysis  are  discussed  herein. 

Topside  EMR  and  Its  Control 

The  potential  for  sustained  HERP  related  problems  on  combatant  topsides  is  due  to  the  high  level  of  EM  energy  emitted  by  the 
onboard  intentional  topside  communications  and  combat  system  transmitters.  Consequently,  the  EM  environment  on  the 
topsides  of  surface  combatants  is  the  aggregate  of  a  variety  of  RF  components  of  time  periodic  EMR  characterized  by  either 
modulated  continuous  wave  (CW)  (time  harmonic),  or  repeated  pulse  (pulse  train)  modulated  EM  waves  of  period  T  within  the 
range  of  1.6  MHz  to  36  GHz.  Both  the  CW  and  pulsed  modulated  EMR  represent  finite  bandwidth  signals  having  approximate 
power  spectral  density  (PSD)  of  similar  shape  ([1]). 

Generally,  EMR  can  be  classified  into  one  of  the  following  two  categories:  ionizing  radiation,  and  non-ionizing  radiation.  This 
classification  is  based  on  whether  the  EMR  is  capable  of  ionizing  atoms  and  breaking  chemical  bonds.  The  EM  environments 
onboard  combatants  is  non-ionizing;  thus,  its  biological  effect  is  to  cause  dielectric  heating.  Consequently,  the  basic  interaction 
of  EMR  with  human  tissue  is  by  absorption  of  the  EM  energy.  Exposure  of  humans  to  intense  fields  produces  increased  heating 
whose  deposition  in  the  tissue  can  lead  to  effects  ranging  from  discomfort,  through  burns,  to  protein  denaturation.  As  the 
human  body  does  not  have  internal  sensors  for  the  sensation  of  heat,  a  major  source  of  HERP  danger  is  when  the  body  absorbs 
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excess  radiation,  the  awareness  of  the  exposed  individual.  Consequently,  as  the  victim  does  not  feel  the  need  to  evacuate  the 
RADHAZ  area;  thereby,  the  chance  to  biological  damage  increases  due  to  the  inability  of  the  victim’s  body  to  dissipate  the 
excess  heat.  Furthermore,  strong  EMF’s  induce  electric  currents  in  metal  objects.  The  induced  currents  can  cause  RF  burns  or 
even  electric  shock  to  personnel  whenever  they  touch  surfaces  of  high  current  while  standing  on  the  “grounded”  deck. 

Combatants  constitute  an  environment  where  personnel  are  aware  of  the  potential  danger  of  RF  exposure  associated 
concurrently  with  either  their  routine  activity,  or  incidental  transient  passage  through  an  area  of  high  EMF.  Accordingly,  the 
regulations  specifying  acceptable  limits  of  EMR  exposures  in  such  circumstances  are  lax  as  compared  to  those  established  for 
general  public  environments.  Nevertheless,  the  corresponding  RADF1AZ  permissible  exposure  limits  (PEL’s)  serve  as 
requirements  for  certification  of  combatants.  HERP  regulations  are  being  regularly  updated  with  the  advance  of  the  complex 
effects  of  EMR  on  the  human  body. 

The  current  industrial  specifications  for  HERP,  contained  in  [1],  were  used  as  reference  to  create  the  combined  HERP 
regulations  for  combatants.  The  resulting  frequency  dependent  PEL’s  are  based  on  a  safety  factor  of  ten  over  the  specific 
absorption  rate  (SAR),  which  might  cause  bodily  harm  to  humans  at  each  EMR  frequency.  The  graphs  in  Figure  1  specify  the 
PEL’s  for  personnel,  in  terms  of  the  electric  field  (E-field)  strength,  for  both  public  and  occupational  exposure  in  accordance 
with  [1]. 


Figure  1  Permissible  Exposure  Standard  for  Personnel, 
IEEE  Standard  C95.1,  2005 


Nevertheless,  exceptions  to  the  maximum  limits  specified  in  Figures  1  which  allow  higher  EMR  levels  do  exist  ([1]).  For 
example,  the  power  density  is  allowed  to  violate  the  PEL  in  case  of  pulsed  RF  fields,  while  for  cases  in  which  the  source  is  a 
rotator  the  power  considered  for  HERP  (only!)  is  reduced  according  to  the  following  rule: 


pels„(/)  =  pelm(/) 


2xBeamWidth 
Scan  Angle 


(i) 


where, /is  the  frequency  of  the  EMR. 


Computational  EM  (CEM)  in  Topside  RADHAZ  Analysis 


The  estimation  of  HERP  from  crowded  multiple  antenna  sites  can  be  performed  either  graphically  ([2]),  or  purely 
computationally  ([3],  [4])  based  on  the  following  rule  ([1],  [2]): 


(2) 


where,  EUE2,...,EN ,  are  the  E-field  strength  levels  for  the  frequencies /,/,.. .,A  ,  respectively,  and  EsuEs2,...,EsN  are  the  PEL’s 
for  the  frequencies /i,/2,.../v,  respectively.  The  application  of  Equation  (2)  requires  the  knowledge  of  the  EMF  strength  or 
power  received  at  various  topside  locations  from  the  onboard  transmitters.  These  are  obtained  via  computer-aided  predictions 
based  on  mathematical  models  of  the  topside  HERP  problem. 

Mathematically,  the  HERP  problem  is  expressed  as  a  radiation/scattering  field  problem  defined  over  an  unbounded  domain. 
However,  due  to  the  complexity  of  the  conducting  structures,  closed  form  solutions  of  the  topside  integration  problem  are  not 
accessible  nor  can  they  be  generated  using  a  single  method.  Thus,  topside  HERP  analyses  utilize  an  array  of  mathematical 
methods  each  suitable  to  the  solution  of  a  different  aspect  of  the  topside  EMR  problem.  Due  to  the  complexity  of  the  domain  of 
the  topside  integration  problem,  its  solution  is  performed  with  the  aid  of  numerical  analysis  tools  executed  on  powerful 
computers. 
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The  prevalent  approach  practiced  in  engineering  analysis  favors  the  investigation  of  the  behavior  of  dynamical  systems  in  the 
frequency  domain  (FD)  over  the  time  domain  (TD).  The  key  to  the  selection  of  a  suitable  FD  numerical  method  is  the  electrical 
size  of  the  problem,  defined  as  the  ratio  of  the  physical  size  of  the  conducting  structure  to  the  wavelength,  A«300 /f  of  the 
radiated  RF  carrier  wave  where, /is  in  MHz.  At  low  RF  frequencies,  the  EM  wavelengths  are  of  the  order  of  magnitude  of  the 
dimensions  of  the  conductor;  thus,  they  interact  with  it  strongly  by  exciting  global  resonances;  at  high  RF  frequencies,  the 
interactions  between  the  various  parts  of  the  conductor  are  weak;  consequently,  parts  of  the  structures  remote  to  the  RF  source 
location  act  as  scatterers  of  EMR  (i.e.,  they  reflect  and  diffract  the  EM  waves). 

The  starting  point  of  all  CEM  methods  are  the  TD  linear  Maxwell’s  curl  equations  (partial  differential  equations).  The  FD  CEM 
methods  use  the  FD  version  of  Maxwell’s  equations  after  assuming  separation  of  the  time  and  space  dependent  variables  in 
conjunction  with  time-harmonic  response  postulation.  FD  CEM  methods  applied  to  combatant  topside  scattering  problems  are 
classified  according  to  their  FD  applicability  to  the  RADHAZ  problem  as  follows: 

□  Numerical  Methods  -  applied  to  low  frequency  analysis, 

□  Analytically  Based  Methods  -  for  high  frequency  analysis. 

FD  numerical  methods  belong  mostly  to  the  methods  known  as  direct  numerical  methods.  These  methods  use  approximate 
discrete  expressions  (interpolations)  of  the  solution  functions.  The  analytically  based  methods  on  the  other  hand,  use  closed 
form  models  (formulae)  of  wave  front  propagation  (reflection,  refraction,  and  diffraction)  in  order  to  calculate  EMR  fields  from 
EM  sources  in  the  presence  of  scatterers. 

In  light  of  the  wide  range  of  frequencies  of  interest  in  topside  RADHAZ  analysis  in  conjunction  with  the  conductor  size,  the 
applicability  of  numerical  methods  to  combatant  topside  analysis  is  generally  limited  to  the  HF  and  low  VHF  (LVHF)  ranges 
(/=2-88  MHz).  Consequently,  the  prediction  of  topside  RADHAZ  at  UHF  and  up  has  to  be  performed  by  analytically  based 
methods,  as  these  methods  have  no  applicability  limitation  in  terms  of  conductor  and  domain  sizes,  and  the  frequency  of  the 
source. 

Numerical  Analysis 

Within  the  framework  of  the  FD  modeling  of  scatterers  in  unbounded  domains,  the  most  popular  direct  numerical  method  is 
known  as  the  method  of  moments  (MoM)  ([3]).  The  method,  whose  major  advantage  is  the  circumvention  of  the  need  to  model 
the  surrounding  non-conducting  space,  is  based  on  the  premise  that  the  total  electric  field,  E\  at  any  point  in  space  is  the  sum  of 
the  incident  and  the  scattered  electric  fields.  Furthermore,  it  assumes  that  the  E-field  scattered  from  metallic  surfaces  is 
produced  by  currents  induced  in  the  scatterer  by  the  incident  field  such  that  the  total  tangential  E-field  on  its  surfaces  vanishes  (a 
boundary  condition  with  the  unbounded  free  space);  i.e.,  E'=ES+E‘  =  0-  Hence,  MoM  is  a  CEM  method  that  uses  a 
specialized  analytical  solution  of  Maxwell’s  equations. 

The  application  of  MoM  to  real  conducting  structures  is  accomplished  by  representing  the  conducting  surfaces  of  the  scatterer  as 
a  fine  mesh  of  M  thin  cylindrical  conducting  wires  of  radii  a.  Consequently,  the  complete  structure  can  be  represented  as  the 
sum  of  the  contributions  of  M  wires  assuming  that  their  currents  are  compatible  at  the  nodes  of  the  mesh.  Subsequently,  the 
mathematical  model,  in  the  sense  of  MoM,  is  a  system  of  linear  algebraic  equations  of  the  general  form: 

[Z]{I}={E]  (3) 

where,  [Z]  is  the  global  impedance  matrix,  {/}  is  the  unknown  global  current  vector,  and  {E}  is  the  excitation  vector. 

The  impedance  matrix  in  Equation  (3)  is  full  rank.  It  is  solved  either  by  means  of  LU  decomposition,  or  by  a  more  efficient 
nonlinear  programming  method  such  as  the  conjugate  gradient  method  ([5]).  Once  the  M  wire  currents  are  known,  the  E-field  at 
any  TP  on  the  topside  can  be  calculated  from  the  definition  of  the  potential  vector  A: 

E’(r)=-j^f-[A  +  j^V(V-A)\  ■  H) 

Analytically  Based  Methods 

The  solutions  obtained  via  the  analytically  based  methods  (also  known  as  semi-analytical  methods)  are  valid  for  high  EMR 
frequencies  in  the  sense  that  the  EM  waves  are  well  formed  and  locally  planar  with  respect  to  the  conducting  structure.  It  can  be 
inferred  that  for  scatterer  sizes  larger  than  two  wavelengths,  ray-tracing  techniques  can  be  utilized  in  order  to  calculate  the 
fraction  of  the  EM  power  reaching  topside  TP’s  from  topside  sources  in  the  presence  of  scattering  obstacles.  In  order  to  obtain 
realistic  predictions  of  the  levels  of  radiation  at  specified  locations,  the  following  source  and  propagation  parameters,  among 
others,  should  be  considered: 

□  The  radiation  pattern  of  each  transmitting  antenna, 

□  The  near-field  (Fresnel  Zone)  boundaries  and  intensities, 
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□  Antenna  polarization,  and  cross  polarization, 

□  In-band,  out-of-band  antenna  performance, 

□  Blockage  of  line  of  sight  by  metallic  structural  components, 

□  Presence  of  radiation  absorbing  materials  (RAM). 

The  (far-field)  pattern  of  EMR  from  wanted  topside  radiation  sources  is  either  omni-directional,  or  directional  as  depicted  in 
Figure  2.  Far  enough  from  the  source  the  EMR  propagates  as  a  plane  wave;  nevertheless,  often,  the  topside  victims  of  the 
excessive  radiation  are  positioned  within  the  near-field  regions  of  the  topside  sources,  which  are  characterized,  irregular  field 
intensities. 


Figure  2  -  Omni  (left),  and  Directional  (right)  Radiation  Pattern 


The  calculations  of  transmission  losses  of  EMR  power  density  due  to  propagation  from  topside  sources  to  TP’s  follows  Friis’ 
modeling.  Accordingly,  the  power  density,  0D,  received  at  a  TP  located  a  distance  r  from  a  Tx  antenna  is  given  by  ([4]): 


(1> 


ptgt 

Anr2LF 


(5) 


Where,  P,  is  the  transmitted  power,  Gris  the  (far-field)  gain  of  the  Tx  antenna,  which  is  a  metric  characterizing  the  directivity, 
D=4jt/Qb  (Qj  is  the  3_dB  beam  solid  angleX  and  LF  is  a  path  loss  factor.  Subsequently,  the  power  received  at  the  victim  location 

.  .  .  ,  Pr  =  A.f&D  where,  Aeff  is  the  effective  receiving  area, 

is  just  given  by  11  b 

As  distances  between  the  EMR  sources  and  victim  TP  are  relatively  small  for  the  topside  RADHAZ  problem,  atmospheric 
propagation  losses  are  negligible.  Consequently,  the  path  loss  factor  is  determined  by  the  extent  of  physical  blockage  along  the 
line  of  sight  (LoS)  between  the  source  and  the  victim.  Figure  3  (left)  shows  the  possible  paths  and  geometries  of  EM  rays 
emanating  from  a  generic  point  source  to  various  observation  positions  in  the  presence  of  a  wedge  scatterer  ([8]).  As  indicated 
in  Figure  3  (left),  three  radiation  zones  can  be  identified  around  the  obstacle:  direct/reflection/diffraction  zone,  direct/diffraction 
zone,  and  diffraction  only  zone. 


Figure  3  EMR  Past  a  Wedge  (left),  and  Wedge  Diffraction  (right) 


Accordingly,  diffraction  coefficients  are  calculated  based  on  the  uniform/geometric  theory  of  diffraction  (U/GTD).  The 
parameters  determining  the  values  of  the  diffraction  coefficients  are  mainly: 

□  The  incident  and  diffracted  ray  angels  (found  by  ray  tracing), 

□  The  wave  frequency  and  polarization, 

□  The  wedge  angle  (where  applicable). 

A  simple  analytic  GTD  expression  for  wedge  diffraction  of  tip  angle  (2  -n)n(n  being  some  real  number)  is  given  by  ([8]): 


m 


+ 


COS 


(f) 


(6) 


With  the  incident  and  diffracted  angles  indicated  in  Figure  3  (right). 


Modeling  of  the  Topside  RADHAZ  Problem 

The  application  of  FD  methods  to  the  topside  EMR  problem  requires  the  modeling  of  EM  sources,  EMR  propagation,  and 
scatterers.  The  modeling  procedure  corresponding  to  the  application  of  both  MoM  and  UTD  to  RADHAZ  analysis  is  described 
herein. 
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Topside  transmitting  antennas  are  the  sources  of  the  intentional  EMR  components  comprising  the  topside  EM  environment.  In 
order  to  analyze  the  topside  RADHAZ  they  have  to  be  modeled  over  the  entire  RF  range.  Generally,  in  MoM  analysis  the 
models  of  sources  are  constmcted  to  “reproduce”  the  physics  of  the  real  device,  whereas  in  the  case  of  the  analytically  based 
methods  the  models  merely  reflect  the  device  typical  operational  characteristics.  Once  the  models  of  the  source  of  EMR  are 
established,  the  propagation  loss  of  the  radiation  from  sources  to  observer  (test)  points  in  the  presence  of  scatteres  has  to  be 
ascertained. 

MoM  Modeling 

Low  frequency  topside  antennas  are  sources  of  E-fields.  The  modeling  of  E-field  sources  is  implement  by  inserting  a  gap  of 
infinitesimal  length  at  the  midpoint  of  a  wire  located  at  the  position  in  the  wire  model  corresponding  to  the  real  source  location 
and  assigning  an  E-field  across  it.  Figure  4  depicts  the  current  distribution  and  the  radiation  pattern  of  a  10-wire  lineal  structure 
(antenna)  radiating  in  free  space  in  response  to  a  20  MHz  source  located  at  its  bottom  wire. 


Figure  4  -  10-Wire  Model  of  Monopole  Free  Space  Antenna:  Current 
Distribution  (left),  Radiation  Pattern  (right)  at  20  MHz 

MoM  is  based  on  first  principles  of  physics,  the  correctness  of  their  solutions  is  indisputable.  However,  in  order  to  reduce 
numerical  dispersion  effects  on  the  approximate  solution  the  use  of  at  least  ten  sample  points  within  a  wavelength  is  required. 
Consequently,  the  maximum  length  of  the  longest  wire  in  the  model  is  required  to  be  L= 0.1T,  at  least.  Furthermore,  the 
successful  application  of  the  MoM  requires  that  the  network  of  wires  representing  the  conducting  structure  (including  all  the 
topside  antennas)  follow  a  specific  set  of  modeling  restrictions  in  order  to  keep  the  modeling  errors  within  the  engineering 
acceptable  range  (a  few  percent).  Furthermore,  the  ship  structure  from  the  waterline  up  has  to  be  modeled  in  order  to  avoid  the 
generation  of  spurious  modes  corresponding  to  any  arbitrarily  imposed  boundaries.  An  example  of  a  wire  mesh  model  is  shown 
in  Figure  5  for  a  nominal  design  of  a  50m  ship.  The  model  discretizes  the  ship  outer  surfaces  all  the  yaw  to  the  waterline  using 
6,758  wires.  The  surface  of  the  water  is  represented  as  an  infinite  ground  plane  having  seawater  permittivity  and  conductivity. 


Figure  5.  MoM  Discretzation  of  a  Nominal  Combatant  and  the  Radiation  Pattern  Of  a  HF  Whip  Antenna  at  20  MHz 

The  frequency  limitation  on  the  applicability  of  the  MoM  is  due  to  its  inherent  disadvantage  that  the  memory  requirement  for 
the  discrete  model  depends  quadratically  on  the  size  of  the  conducting  structure,  while  the  computational  complexity  depends  on 
the  sixth  power  of  the  source  frequency.  This  leads  to  high  computational  costs  both  in  terms  of  computer  resources  and 
computation  time.  Furthermore,  as  the  increase  of  frequency  leads  to  a  numerical  model  whose  spatial  resolution  exceeds  the 
geometrical  confidence  level  of  the  design. 

Analytically  Based  Methods  Modeling 

The  limitation  of  the  applicability  of  the  numerical  methods  to  low  frequency  analyses,  requires  supplemental  methods  for 
handling  high  frequencies  (UHF  and  up  for  ships).  The  idea  is  to  take  advantage  of  the  small  wavelength  relative  to  the 
scattering  structure  in  order  to  generate  analytical  models  that  follow  geometric  arguments. 

The  general  radiation  pattern  from  an  EMR  source  (antenna)  is  characterized  by  the  presence  of  a  main  beam  shaped  to  deliver 
RF  energy  along  its  axis.  Nevertheless,  due  to  local  diffraction  effects,  sidelobes  and  backlobes  regions  exist  as  well  as  depicted 
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in  Figure  6  (left).  Normally  the  spurious  regions  show  a  reduction  of  10  dB  from  mainlobe  gain  in  conjunction  with  half  the 
beamwidth. 


Figure  6  -  Simplified  Model  of  Antenna  Radiation  Patterns 


The  radiation  pattern  can  be  characterized  by  various  analytical  approaches.  Nonetheless,  satisfactory  results  are  also  obtained 
via  simplified  models  based  on  physical  arguments.  Accordingly,  radiation  patterns  are  classified  according  to  their  EM 
properties  via  the  notion  of  the  antenna  gain  of  the  radiation  pattern  and  the  effect  of  its  impedance  mismatch.  Consequently,  it 
is  possible  to  determine  the  radiation  pattern  parameters  of  topside  antennas  using  merely  three  necessary  input  parameters:  the 
directional  mainlobe  gain  (Go=ijD,  tj  radiation  efficiency),  the  azimuth  3dB  beamwidth  angle  (a),  and  the  elevation  3dB 
beamwidth  angle  (//)  as  shown  in  Figure  6  (right). 


Nevertheless,  as  often  the  EMR  field  at  the  near-field  of  the  antenna  is  of  interest,  the  above  far  field  models  are  corrected  to 
account  for  near-field  EMR.  In  addition,  in  order  to  account  for  nonlinear  effects,  empirical  harmonic  order  correction  factors 
for  both  CW  and  pulsed  transmitter  harmonic  order  attenuations  are  available. 


Due  to  proximity  of  the  topside  transmitters  to  locations  where  personnel  activity  and/or  mission  critical  equipment  operate,  it  is 
important  to  consider  the  location  of  the  near-field  border  (the  point  in  which  a  planar  wave  front  is  received)  corresponding  to 
each  topside  emitter.  The  near-field/far-field  border  location,  RFF  is  determined  according  to  [7]  for  the  two  antenna  groups: 


f  5  A  for  lineal  antennas 
>  —  J 

FF  \^j-  for  2D  and  3D  aperture  antennas 


(7) 


where,  D  is  the  maximal  lineal  dimension  of  the  aperture,  and  A,  is  the  wavelength.  Calculating  the  “near-field  correction”,  there 
are  different  models  for  three  groups  of  antennas:  reflector-aperture  antennas,  horn-aperture  antennas,  and  lineal  antennas. 


As  the  high  frequency  methods  are  formulated  based  on  the  application  of  formulae,  these  methods  offer  low  computational  cost 
both  in  terms  of  computing  time  and  machine  resources. 


Summary 

In  light  of  the  complexity  of  topside  configurations  of  modern  surface  combatants,  analysis  of  topside  EM  environment  is 
mandatory  in  order  to  assure  the  safety  and  functionality  of  the  platform.  Topside  HERP  analysis  is  based  on  the  CEM 
prediction  of  EMR  levels  on  the  topside.  Due  to  the  large  physical  size  of  combatants  and  the  wide  frequency  range  employed 
by  their  combat  systems,  topside  EMR  analysis  requires  the  employment  of  both  low  frequency  methods,  consisting  of 
numerical  analysis  methods  based  on  MoM,  and  high  frequency  methods  that  are  based  on  ray-tracing  algorithms  in  conjunction 
with  analytically  derived  formulae.  The  latter  offers  high  computational  efficiency  while  the  former  provides  accurate  physical 
modeling  requiring  significant  computational  resources.  HERP  safety  is  achieved  as  a  combination  of  adequate  antenna 
placement  and  operating  procedures. 
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Abstract 

Several  reports  have  recently  been  published  on  effects  of  very  short  and  intense  electric  pulses  on  cellular 
organelles;  in  a  number  of  cases,  the  cell  plasma  membrane  appeared  to  be  affected  less  than  certain  organelle 
membranes,  while  with  longer  and  less  intense  pulses  the  opposite  is  the  case.  The  effects  are  the  consequence  of 
the  voltages  induced  on  the  membranes,  and  in  this  paper  we  investigate  the  conditions  under  which  the  induced 
voltage  on  an  organelle  membrane  could  exceed  its  counterpart  on  the  cell  membrane.  This  would  provide  a 
possible  explanation  of  the  observed  effects  of  very  short  pulses. 

Frequency-domain  analysis  yields  an  insight  into  the  dependence  of  the  voltage  inducement  on  the  electric  and 
geometric  parameters  characterizing  the  cell  and  its  vicinity.  The  calculations  show  that  at  sufficiently  high  field 
frequencies,  for  a  range  of  parameter  values  the  voltage  induced  on  the  organelle  membrane  can  indeed  exceed 
the  voltage  induced  on  the  cell  membrane.  Particularly,  this  can  occur  if  the  organelle  interior  is  electrically  more 
conductive  than  the  cytosol,  or  if  the  organelle  membrane  has  a  lower  dielectric  permittivity  than  the  cell 
membrane,  and  we  discuss  the  plausibility  of  these  conditions. 

Time-domain  analysis  is  then  used  to  determine  the  courses  of  the  voltage  induced  on  the  membranes  by  pulses 
with  risetimes  and  durations  in  the  nanosecond  range.  The  particularly  high  resting  voltage  in  mitochondria,  to 
which  the  induced  voltage  superimposes,  could  contribute  to  the  explanation  why  these  organelles  are  the 
primary  target  of  many  observed  effects. 


1.  INTRODUCTION 

An  exposure  of  a  biological  cell  to  an  electric  field  of  sufficient  strength  can  lead  to  a  significant  increase  in  the 
permeability  of  the  cell  plasma  membrane  (40).  If  such  an  exposure  is  neither  too  strong  nor  too  long,  this 
phenomenon  —  referred  to  as  electroporation  or  electropermeabilization  —  is  reversible.  This  allows  many 
otherwise  nonpermeant  molecules  to  enter  into  the  cytosol  or  be  inserted  into  the  plasma  membrane.  Due  to  its 
efficiency,  electroporation  is  rapidly  becoming  an  established  approach  for  treatment  of  solid  cutaneous  and 
subcutaneous  tumors  (22,  47),  and  it  also  holds  great  promise  for  gene  therapy  (17). 

The  mechanism  underlying  electroporation  is  the  inducement  of  a  voltage  on  the  cell  plasma  membrane.  This 
voltage  is  proportional  to  the  field  strength  and  superimposes  onto  the  resting  voltage  present  on  the  membrane 
under  physiological  conditions,  typically  about  -70  mV  (37).  According  to  the  theory  of  electroporation,  a 
voltage  on  the  membrane  reduces  the  energy  necessary  for  rearrangements  of  the  membrane  lipids  that  result  in 
formation  of  aqueous  passages  (hydrophilic  pores)  and  consequently  in  increased  conductivity  and  permeability 
of  the  membrane.  Consequently,  as  the  voltage  increases,  so  does  the  probability  of  formation  of  such  passages. 
The  resting  voltages  normally  present  on  the  cell  membrane  and  on  the  organelle  membranes  —  the  largest  is  in 
mitochondria,  about  -140  mV  (1)  —  are  insufficient  for  this,  and  electroporation  is  not  observed  physiologically. 
However,  with  exposures  to  electric  fields  inducing  voltages  of  several  hundreds  of  millivolts,  electroporation  of 
the  cell  membrane  becomes  readily  achievable  and  observed  in  experiments.  Both  the  theory  of  electroporation 
(57,  41)  and  recent  computational  studies  based  on  molecular  dynamics  (52,  53,  50)  corroborate  that  as  the 
membrane  voltage  increases,  so  does  the  rate  of  formation  of  metastable  aqueous  passages  in  the  membrane. 

The  fields  used  for  electroporation  are  most  often  delivered  as  rectangular  pulses,  with  typical  amplitudes  of 
several  hundred  volts  per  centimeter,  durations  from  tens  of  microseconds  to  milliseconds,  and  risetimes  in 
microseconds.  In  the  first  few  microseconds  after  the  onset  of  the  pulse,  such  exposures  induce  a  voltage  in  the 
range  of  several  hundred  mV  on  the  cell  membrane,  and  this  voltage  persists  until  the  end  of  the  pulse.  Also 
within  microseconds,  this  leads  to  the  onset  of  electroporation,  detected  as  a  steep  increase  in  electrical 
conductivity  and  permeability  of  the  membrane  (24,  25). 
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The  exposure  of  a  cell  to  an  electric  field  also  induces  voltages  on  the  organelle  membranes  in  the  cell  interior, 
but  in  their  steady  state,  these  are  several  orders  of  magnitude  smaller  than  the  voltage  induced  on  the  cell 
membrane.  Thus  when  the  cell  membrane  is  electroporated  with  typical  electroporation  pulses  with  durations  of 
hundreds  of  microseconds  or  several  milliseconds,  the  organelle  membranes  are  left  unaffected.  However,  in  a 
number  of  recent  papers  it  has  been  reported  that  with  much  stronger  (typically  tens  or  hundreds  of  thousands  of 
volts  per  centimeter)  but  much  shorter  (typically  tens  or  hundreds  of  nanoseconds)  pulses,  the  situation  seems  to 
be  reversed,  with  the  cell  membrane  affected  less  than  some  internal  cell  structures  (46,  11,  7,  10,  19,  51).  In 
many  cases,  a  mitochondria-dependent  apoptosis  was  observed,  which  could  be  due  to  electroporation  of  these 
organelles  (6,  8,  58).  For  brevity,  the  high-intensity,  nanosecond-duration  pulses  used  in  these  experiments  are 
often  referred  to  as  nsPEF  (nanosecond-duration  pulsed  electric  fields),  and  we  will  also  adopt  this  practice  here. 

In  this  paper  we  explore  one  possible  explanation  of  the  observed  effects  of  nsPEF  on  intracellular  membranes. 
As  discussed  above,  the  steady-state  value  of  the  voltage  induced  on  the  cell  membrane  is  always  much  larger 
than  its  counterpart  on  an  organelle  membrane.  But  the  pulses  with  durations  in  the  submicrosecond  range  are 
too  short  for  the  two  voltages  to  approach  their  steady  states,  and  their  time  courses  become  important.  These 
depend  on  a  number  of  geometric  and  electric  parameters,  and  here  we  investigate  whether  there  is  a  range  of 
plausible  parameter  values  for  which  the  voltage  on  an  organelle  membrane  can  temporarily  exceed  the  voltage 
on  the  cell  membrane.  This  explanation  has  been  proposed  before,  based  on  considerations  of  a  more  qualitative 
nature  (46)  and  later  on  finite-elements  modeling  (29).  Here,  we  derive  analytical  expressions  for  the  induced 
voltages  and  analyze  the  role  of  each  parameter.  In  Section  2  we  present  the  expressions  for  the  induced 
voltages,  and  in  Section  3  we  analyze  the  dependence  of  these  voltages  on  each  of  the  parameters. 


2.  DERIVATION  OF  THE  INDUCED  VOLTAGES 


2.1  The  model  of  a  cell  with  an  organelle 


For  a  valid  treatment  of  the  membrane  voltage  induced  by  alternating  fields  with  frequencies  in  the  MHz  and 
GHz  range,  or  by  pulsed  fields  with  risetimes  below  1  |is,  both  the  electric  conductivities  and  the  dielectric 
permittivities  of  the  membranes  and  the  surrounding  aqueous  media  have  to  be  taken  into  account.  An  analytical 
treatment  of  such  a  system  is  possible  only  if  the  cell  is  the  only  object  distorting  the  uniform  electric  field,  and 
only  in  geometries  where  all  the  boundaries  can  be  expressed  as  coordinate  surfaces.  Throughout  this  work,  we 
will  treat  a  single  spherical  cell,  which  meets  these  requirements.  A  spherical  cell  with  a  uniform  interior  (i.e. 
containing  no  organelles)  is  widely  used  in  theoretical  studies  of  cells  exposed  to  electric  fields,  e.g.  in  derivation 
of  the  Schwan  equation  (38,  31)  and  its  extensions  (18,  32,  33,  34).  The  model  with  an  organelle  is  then  obtained 
by  incorporating  into  the  cell  interior  another  spherical  body  with  a  concentric  shell.  This  model  (Fig.  1)  consists 
of  five  regions,  each  characterized  by  an  electric  conductivity  (a.  in  S/m)  and  a  dielectric  permittivity  (e,  in 
As/Vm).  From  the  center  outwards,  the  regions  are  the  organelle  interior  (subscript  li),  the  organelle  membrane 
(lm),  the  cytosol  (2i),  the  cell  plasma  membrane  (2m),  and  the  cell  exterior  (e).  The  radii  of  the  organelle  and  the 
cell  are  denoted  by  R i  and  R2,  and  their  membrane  thicknesses  by  d\  and  d2.  Although  simplistic,  this  model  is 
adequate  for  analyzing  the  voltages  induced  on  the  cell  membrane 

and  on  organelle  membranes  (13,  29).  - - — > 


The  spatial  distribution  of  the  electric  potential  in  and  around  a 
spherical  cell  exposed  to  a  uniform  electric  field  is  obtained  by 
solving  the  Laplace  equation  in  spherical  coordinates  (39).  In 
each  of  the  five  regions  of  the  model  shown  in  Fig.  1,  it  has  the 
general  form 

Akr  +  ~\ Jcos0  ’  (0 

with  r  the  radius  measured  from  the  center,  6  the  angle  with 
respect  to  the  direction  of  the  field,  and  with  constants  A and  fit- 
specific  for  each  regions.  Finiteness  of  the  electric  potential  at 
r  =  0  implies  fin  =  0,  and  from  uniformity  of  the  field  at  r  — >  oo  it 
follows  that  Ae  =  -E.  The  remaining  constants  An,  Alm,  film,  A2i, 
fi2i,  A2m,  fi2m,  and  fic  are  determined  by  the  requirement  of 
continuity  of  the  potential,  VF,  and  of  the  normal  component  of  the 
current  density,  A(d'¥/dr),  at  all  four  boundaries  between  the 
regions.  In  frequency-domain  (FD)  analysis,  A  is  the  complex 


^(r,0)  = 
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conductivity  (admittivity),  a  +  j<os,  where  ro  is  the  angular  frequency  of  the  field,  and  in  time-domain  (TD) 
analysis,  it  is  the  admittivity  operator,  a  +  s(d/dt),  where  d/dt  is  the  operator  transforming  a  function  into  its  time 
derivative.  The  continuity  requirements  for  the  boundary  between  the  organelle  membrane  and  the  cytosol  can 
be  written  as 


A  r  +  ^lm  -  A  r  + 

r  r 
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2  a 
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where  in  the  FD  A[m  =  a]m  +  j(OEim,  A2i  =  o2;  +  ya>£2i,  and  in  the  TD  Aim  =  Oim  +  Z\m(d/dt),  A2i  =  a2j  +  e2j (d/dt). 

Analogous  pairs  of  conditions  characterize  the  other  three  boundaries.  The  direct  dealing  with  operators  in  the 
TD  can  be  avoided  by  transferring  the  treatment  into  the  complex-frequency  space,  as  described  in  Section  2.3. 

The  solutions  for  the  eight  constants  are  relatively  lengthy  expressions,  as  in  general  each  of  them  incorporates 
the  geometric  and  electric  parameters  of  all  five  regions  of  the  model,  but  algebraically  their  determination  is 
elementary,  since  they  form  a  well-defined  system  of  eight  equations  with  eight  unknowns.  The  derivation  and 
the  solutions  for  the  spherical  cell  with  an  organelle  as  shown  in  Fig.  1  are  available  at  the  web  address 

http : // www . biophys j . org/ cgi/ content/ full/biophys j .105. 070771/ DC 1 


Once  all  the  constants  are  determined,  the  voltage  induced  on  a  membrane  is  determined  as  the  difference 
between  the  potentials  'F(V,  9)  at  the  inner  and  outer  surface  of  this  membrane.  For  the  voltage  induced  on  the 
cell  plasma  membrane  this  yields 
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and  for  the  voltage  induced  on  the  organelle  membrane 
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where  both  in  (3)  and  (4) 
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The  substitution  A  =  c  +  /cot:  for  each  of  the  five  regions  provides  the  starting  point  for  analysis  of  A'Fccii  and 
A'f'org  in  the  FD,  and  the  substitution  A  =  a  +  s(d/dt)  does  the  same  for  the  TD. 

2.2  Analysis  in  the  frequency  domain 

The  frequency  domain  (FD)  is  the  natural  setting  for  an  exposure  of  a  cell  to  a  sinusoidal  electric  field.  Fixing 
the  geometric  and  electric  parameters  of  the  model,  inserting  for  E  the  amplitude  of  the  field,  and  writing 
explicitly  A  =  a  +  yros,  the  induced  voltages  AvFcen  and  A'Folg  become  functions  of  a  single  variable,  namely  co, 
the  angular  frequency  of  the  field.  For  a  fixed  co,  the  values  of  AvPceu  and  A'F(IIg  are  complex  numbers,  with 
|AvFceii|,  lA'Porgl  corresponding  to  the  amplitudes  of  the  induced  voltages,  and  arg(A'Fcen),  arg(A'Forg)  to  their 
phase  shifts  with  respect  to  the  external  field.  It  should  be  emphasized  that  these  values  characterize  the 
sinusoidal  steady  states  that  are  established  after  the  transients  occurring  at  the  onset  of  the  field  are  over. 

By  considering  AvFceu  and  A'F0Ig  as  functions  of  co.  it  is  then  determined  very  straightforwardly  whether  there  is  a 
range  of  parameter  values  and  field  frequencies  where  A'Forg  can  —  at  least  temporarily  —  exceed  A'Fcell.  The 
results  of  such  analysis  are  presented  in  Section  3.1. 

The  approach  described  above  can  be  extended  to  other  periodic  time  courses  of  the  field  representable  as 
uniformly  convergent  Fourier  series.  The  induced  voltages  are  then  given  by  the  series  of  voltage  components 
induced  by  individual  field  components  in  the  Fourier  series. 

2.3  Analysis  in  the  time  domain 

The  time  domain  (TD)  is  the  natural  setting  for  exposures  of  a  cell  to  aperiodic  fields,  as  well  as  to  periodic 
fields  for  which  the  Fourier  series  is  nonuniformly  convergent/  This  class  clearly  contains  a  rectangular  and  a 
trapezoidal  (i.e.  having  non-zero  risetime  and  falltime)  pulse,  but  it  also  contains  periodic  trains  of  such  pulses, 
as  the  uniform  convergence  requirement  fails  at  the  pulse  edges,  which  is  usually  referred  to  as  the  Gibbs 
phenomenon  (23).  As  mentioned  in  Section  2.1,  the  most  convenient  approach  here  is  an  interim  transfer  of  the 
treatment  to  the  complex-frequency  space.  Denoting  the  complex  frequency  by  s,  the  differentiation  with  respect 
to  time  is  thereby  transformed  into  multiplication  by  s,  and  time  courses  are  replaced  by  their  Laplace 
transforms.  Fixing  again  the  geometric  and  electric  parameters  of  the  model,  inserting  for  E  the  Laplace 
transform  of  the  time  course  of  the  electric  field,  L[E(t)]  =  E(s),  and  writing  explicitly  A  =  a  +  ss,  the 
expressions  for  A'Fcell  and  A'Forg  become  functions  of  s.  The  time  courses  of  the  induced  voltages  are  then 
obtained  as  inverse  Laplace  transforms,  A'Fcen(0  =  f'_1[A'Fcen(s')]  and  A'Folg(i)  =  f_l[A'Forg(v)[.  This  yields  the 
complete  time  courses,  including  the  transients. 

Provided  that  E(s)  is  a  polynomial  in  s,  A'Fcell  and  A'Forg  are  rational  functions  (i.e.  fractions  of  polynomials)  of.?, 
and  the  inverse  Laplace  transforms  are  obtained  easily.  The  method  is  also  applicable  to  all  other  cases  for  which 
the  Laplace  transform  of  E(t)  and  the  inverse  Laplace  transforms  of  A'Fcell  and  A'Forg  can  be  obtained  explicitly. 
For  many  of  the  conceivable  time  courses  of  the  electric  field,  the  transforms  can  be  found  in  standard  tables 
(43),  while  for  other  sufficiently  regular  functions  they  can  be  derived  by  means  of  the  Laplace  transform 
integral  and  the  Bromwich  integral,  respectively  (2).  For  more  intricate  cases,  discretization  of  time  and 
application  of  the  unilateral  Z-transform  instead  of  the  Laplace  transform  would  yield  approximate  solutions. 


3.  RESULTS  AND  DISCUSSION 

The  aim  of  this  paper  is  to  evaluate  the  voltages  induced  by  nsPEF,  which  will  be  approximated  as  having  a 
trapezoidal  shape.  As  described  in  the  preceding  sections,  the  natural  setting  for  this  is  the  TD,  in  which  this  aim 
will  be  pursued  in  Section  3.2.  However,  there  are  four  geometric  and  ten  electric  parameters  that  have  to  be 
investigated  with  respect  to  their  influence  on  A'Fcell  and  A'Forg,  and  a  trapezoidal  pulse  is  characterized  by  a 
risetime,  an  amplitude,  a  duration  pertaining  to  this  amplitude,  and  a  falltime.  For  a  first  insight  into  the  role  of 
the  parameters,  and  for  a  selection  of  those  to  be  investigated  further,  a  clearer  picture  is  provided  by  treating  an 
exposure  of  a  cell  to  a  sinusoidal  field,  which  is  characterized  only  by  its  amplitude  and  frequency.  Along  these 
lines,  Section  3.1  investigates  the  influence  of  each  of  the  parameters  in  the  FD,  and  a  much  smaller  subset  of 
parameters  chosen  on  the  basis  of  this  investigation  is  then  used  in  Section  3.2  in  the  TD  with  trapezoidal  pulses. 


For  other  periodic  fields,  the  analysis  in  the  frequency  domain  is  simpler,  yet  the  analysis  in  time  domain  is  nonetheless 
applicable,  due  to  which  it  may  be  viewed  as  the  more  general  of  the  two. 
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3.1  Voltages  induced  by  a  sinusoidal  field 

The  purpose  of  this  section  is  to  determine  whether  in  an  exposure  of  a  cell  to  a  sinusoidal  field,  there  is  a  range 
of  parameter  values  for  which  lATUgl  can  exceed  |AvPceii|,  or  equivalently,  for  which  the  ratio  lATUgl  /  |A'Pceii|  can 
exceed  the  value  of  1.  The  expressions  for  A'f'ceu  and  ATVg  in  Section  2.1  show  that  this  ratio  depends  on 
practically  all  the  geometric  and  electric  parameters  of  the  model.  The  only  exceptions  are  ae  and  ee,  as  the 
numerators  of  ATUii  and  A'F0ig  are  proportional  to  Ae  =  ae  +  j roee,  while  their  denominators  are  identical,  so  that 
in  the  ratio  |AvPorg|  /  |AvPceii|  all  occurrences  of  Ae  cancel  out.  The  simplest  method  for  investigation  of  the  role  of 
the  remaining  twelve  parameters  is  by  means  of  parametric  studies,  in  which  one  parameter  is  varied  through  a 
given  range  while  the  others  are  kept  at  their  default  values.  Restriction  to  one  variable  at  a  time  does  not 
completely  elucidate  the  behavior  of  a  function  of  twelve  variables,  but  the  results  of  such  parametric  studies  are 
easy  to  interpret,  and  will  also  suffice  for  the  aims  of  this  paper. 

Table  1  gives  the  default  values  and  variation  ranges  of  the  parameters.  The  default  values  are  based  on  the 
typical  data  found  in  the  literature,  and  the  limits  of  the  variation  ranges  were  chosen  as  physically  plausible 
values.  For  the  reasons  discussed  above,  Ge  and  se  do  not  enter  the  parametric  studies,  for  which  the  table  gives 
only  the  default  values,  which  are  needed  when  the  two  voltages  are  of  interest,  and  not  only  their  ratio. 


Table  1.  Default  values  and  variation  ranges  for  parametric  studies 


Parameter 

Default  value 

Variation  range 

Parameter 

Default  value 

Variation  range 

Gn  [S/m] 

0.3  (fl) 

0.1 -1.0 

eii  [As/Vm] 

6.4  x  10"10<6) 

(3.5- 7.0)  x  lO'10 

G[m  [S/m] 

3  x  10_7(c) 

in 

o 

1 

oc 

o 

slm  [As/Vm] 

4.4  x  10-I1(rf) 

(1.8- 8.8)  x  10-“ 

c2i  [S/m] 

0.3 (e> 

0.1  -  1.0 

e2i  [As/Vm] 

6.4  x  iq-10**' 

(3.5- 7.0)  x  10-‘° 

c2m  [S/m] 

3  x  10'7(Ag) 

10"8  -  10-6 

£2m  [As/Vm] 

4.4  x  10_11<jr) 

(1.8 -8.8)  x  10’“ 

Ge  [S/m] 

1.2  (,° 

— 

£e  [As/Vm] 

6.4  x  10"IO(fc) 

— 

R\  [pm] 

3 

1-8 

dx  [nm] 

5 

3-15 

R2  [pm] 

10 

5-100 

d2  [nm] 

5W 

3-7 

“  set  equal  to  g2j 
c  set  equal  to  ci^m 

e  (21,26) 

g  (15) 

*  (1) 


b  physiological  saline  at  35°C  (42,  9) 
d  set  equal  to  s2m 

;  from  (27),  using  the  conversion  given  in  (3) 
h  blood  serum  at  35°C  (49) 


Each  of  the  parametric  studies  was  performed  for 
(0  spanning  the  range  from  1CP  to  10 10  s"1, 
yielding  a  set  of  data  that  can  be  visualized 
clearly  in  a  contour  plot  of  the  ratio  lATUgl  / 
|AvFceii|  as  a  function  of  frequency  and  the  studied 
parameter.  As  shown  in  Figure  2,  with  the 
default  values  assigned  to  all  parameters,  this 
ratio  does  not  exceed  the  value  of  1  for  any 
frequency.  A  similar  result  is  obtained  if  the  two 
membranes  are  assigned  realistic  dielectric  per¬ 
mittivities  but  zero  electric  conductivities  (13). 

Flowever,  in  eight  of  the  twelve  parametric 
studies,  for  sufficiently  high  frequencies  the  ratio 
lA'Forgl  /  |AT^ ceii |  does  exceed  1  in  a  certain  range 
of  parameter  values.  The  contour  plots  showing 
the  results  of  the  parametric  studies  are  given  in 
Figure  3,  from  which  two  clear  properties 
emerge.  First,  in  the  higher  MHz  range,  either  a 
small  increase  of  an  above  its  default  value,  or  a 
small  decrease  of  c2i  below  its  default  value 
suffices  for  |ATVgj  to  exceed  |A'Fcen|.  And 
second,  in  the  higher  MHz  range  and  in  the  GHz 
range  the  same  is  the  case  for  a  decrease  of  £im 
and  for  an  increase  of  s2m.  A  more  general 


|AH'0,s|,|A'O  [mV] 
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formulation  is  that  the  ratio  lA'Porgl  /  |AvPcen|  can  exceed  the  value  of  1  if  the  organelle  interior  has  a  higher 
electric  conductivity  than  the  cytosol,  or  if  the  organelle  membrane  has  a  lower  dielectric  permittivity  than  the 
cell  membrane.  The  effect  of  an  >  C2i  is  due  to  the  fact  that  with  the  increase  of  frequency,  the  shielding  of  the 
cell  interior  by  the  plasma  membrane  weakens,  and  the  electric  current  flowing  through  the  cell  becomes 
concentrated  in  the  organelle  interior.  The  effect  of  Sjm  <  £2m  is  also  easily  explained,  as  the  voltage  inducement 
is  faster  on  the  membrane  with  the  lower  dielectric  permittivity. 


0>ls_,J  CO  |s-IJ  CO  Ls-1 1 


Figure  3 

For  an  >  C2i,  the  organelle  interior  would  have  to  contain  either  a  higher  total  concentration  of  ions  with  respect 
to  the  cytosol,  or  a  larger  fraction  of  ions  with  higher  mobility  (e.g.  more  potassium  and  less  sodium).  In  a  recent 
computational  analysis,  the  concentration  of  potassium  ions  in  the  intermembrane  space  of  the  mitochondria  was 
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estimated  at  between  175  and  207  mM  (36),  which  is  indeed  significantly  higher  than  in  the  cytosol,  where  it  is 
typically  about  140  mM  (37).  Among  the  membranes,  the  ones  with  the  lowest  dielectric  permittivity  are  pure 
lipid  bilayers,  and  hence  for  £  |  m  <  £2m,  the  membrane  of  the  organelle  under  consideration  would  generally  have 
to  contain  a  smaller  fraction  of  proteins  than  the  cell  plasma  membrane.  This  is,  however,  markedly  not  the  case 
for  the  inner  mitochondrial  membrane,  where  proteins  represent  about  76%  of  the  mass  —  a  higher  fraction  than 
in  any  other  membrane  (37). 


The  parametric  studies  also  show  that  ATVgl  /  |AvFceU|  can  exceed  1  if  d\  is  significantly  larger  than  its  default 
value  of  5  nm.  More  generally,  a  sufficient  condition  is  that  the  organelle  membrane  should  be  thicker  than  the 
cell  membrane,  d\  >  d2.  This  is  realistic  for  some  organelles,  such  as  the  nucleus  and  the  mitochondria,  as  they 
have  a  double  membrane,  and  in  mitochondria  the  two  membranes  are  moreover  separated  by  several 
nanometers  of  intermembrane  space  (1).  Still,  with  a  thicker  membrane,  a  proportionally  larger  voltage  is 
required  for  the  same  electric  field  within  the  membrane.  As  a  consequence,  if  the  electric  field  in  the  membrane 
is  the  decisive  factor  in  electroporation,  with  d\  >  d2  the  condition  |AvForg|  /  | AvFcen|  >  1  is  not  sufficient  for  the 
organelle  membrane  to  be  electroporated,  but  instead  roughly  lATUgl  /  |AvFccn|  >  d\t  d2  would  be  required. 

Finally,  a  region  with  |AvForg|  >  lATUnl  is  also  reached  in  the  parametric  studies  of  £n  and  e2i,  namely  at 
sufficiently  high  frequencies  provided  that  £n  >  £2j.  However,  as  the  organelle  interior  and  the  cytosol  are  both 
aqueous  solutions,  it  is  reasonable  to  assume  that  £h  and  t:2l  are  very  similar.  The  choice  of  variation  ranges  for 
these  two  parameters  primarily  reflects  the  dependence  of  dielectric  permittivities  on  the  temperature,  but  since 
the  cell  is  too  small  to  contain  significant  temperature  differences,  change  of  the  temperature  by  cooling  or 
heating  the  cell  suspension  or  a  tissue  will  have  nearly  the  same  effect  on  the  two  permittivities. 

Further  analysis  reveals  that  if  the  cell  and  organelle  membranes  are  identical  in  their  electric  properties  and  their 
thickness,  and  if  the  cytosol  is  electrically  identical  to  the  organelle  interior,  then  |A'Fnrg|  <  |AvPceu|  at  any  field 
frequency.  It  should  perhaps  be  stressed  here  that  for  such  parameter  values,  the  faster  charging  of  the  organelle 
membrane  can  not  cause  A'Folg  to  exceed  AvFceii,  even  if  the  shielding  of  the  organelle  by  the  cell  membrane  is 
disregarded.  Namely,  without  shielding,  the  rate  of  voltage  inducement  on  a  spherical  object  is  inversely 
proportional  to  its  radius,  but  the  voltage  plateau  is  directly  proportional  to  the  radius,  so  that  on  a  larger  object 
the  induced  voltage  is  necessarily  larger  at  all  times.  As  a  consequence,  the  voltage  induced  on  the  cell 
membrane  is  always  larger  than  its  counterpart  on  the  organelle  membrane.  At  low  field  frequencies  the 
shielding  intensifies  this  effect,  as  the  voltage  on  the  organelle  membrane  starts  decreasing  even  during  the 
exposure  (Fig.  5  illustrates  this  for  an  exposure  to  a  direct  field). 


However,  as  Figure  3  shows,  if  some  parameters 
are  shifted  from  their  default  values,  the  outcome 
can  change  significantly.  As  an  illustration,  in 
Figure  4  we  assume  that  an  =  0.5  S/m,  Sim  =  3.0 
x  1011  As/Vm,  and  d\  =  10  nm,  while  keeping 
the  other  nine  parameters  at  their  default  values. 
This  study  shows  that  on  a  cell  characterized  by 
the  chosen  parameter  values,  with  an  exposure  to 
an  alternating  field  with  a  frequency  in  the  range 
of  tens  and  hundreds  of  MHz,  the  induced 
voltage  on  the  organelle  could  exceed  its 
counterpart  on  the  cell  membrane  by  a  factor  of 
more  than  3.  Obviously,  this  is  only  relevant 
provided  that  Ci;  can  actually  differ  that  much 
with  respect  to  a2i,  and  similarly  for  elm  with 
respect  to  s2m.  We  discuss  the  plausibility  of  this 
at  the  end  of  the  paper,  whereas  we  now  turn  to 
the  voltages  induced  by  a  trapezoidal  pulse. 


This  follows  from  the  fact  that  for  K  >  1  and  t  >  0, 
we  have  1  -  exp(-t/x)  <  K(\  -  exp(-t/(i/x))).  Namely, 
the  two  functions  are  equal  at  t  =  0,  and  for  their 
respective  derivatives  at  t  >  0  we  have  exp(-t/x)/x 
<  exp(-t/(i/x))/x. 


|AHV6Ua%ci.I  Imvj 
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3.2  Voltages  induced  by  a  trapezoidal  pulse 

Before  focusing  on  specific  nsPEF,  it  is  instinctive  to  consider  the  general  characteristics  of  the  voltage 
inducement  on  a  nanosecond  time  scale.  For  this,  we  treat  an  onset  of  a  direct  electric  field,  and  to  keep  E(t) 
continuous,  we  assume  that  this  onset  is  trapezoidal  with  a  risetime  T.  Such  a  time  course  of  the  field  can  be 
described  as  a  sum  of  two  ramp  functions,  the  first  one  with  a  positive  slope  and  starting  at  the  time  0,  and  the 
second  one  with  the  negative  slope  of  the  same  size  and  starting  at  the  time  T, 

E(t)  =  E0  t-u(t)--^-u(t-T)  (6) 


where  E0  is  the  amplitude  of  the  field  that  is  reached  at  the  end  of  the  risetime.  In  the  complex-frequency  space, 
this  becomes 

1  -  e~sT 

E(s)  =  E0 — j—  (7) 

s  1 

In  analogy  with  the  FD  study  shown  in  Figure  2,  we  assume  that  the  field  amplitude  is  E0  =  5  x  104  V/m,  and 
treat  the  situation  at  0=  0.  In  addition,  we  take  T  =  1  ns,  which  is  on  the  order  of  magnitude  of  the  shortest 
risetimes  achievable  with  nsPEF  generators.  Proceeding  as  described  in  Section  2.3,  we  insert  E(s)  into  the 
expressions  for  A'Pcen  and  A'Porg,  write  all  the  admittivity  operators  as  A  =  o  +  es,  assign  all  the  parameters  their 
default  values,  and  apply  the  inverse  Laplace  transform  to  obtain  the  time  courses  of  the  two  induced  voltages 
for  such  an  onset  of  the  field.  Shown  in  the  top  panel  of  Figure  5,  these  time  courses  reveal  that  the  inducement 
on  the  cell  plasma  membrane  is  a  monotonic  process,  while  the  inducement  on  an  organelle  membrane  is 
transient;  with  the  onset  of  the  field,  A'Porg  increases  for  several  hundred  nanoseconds,  and  then  recedes  back  to 
zero  even  if  the  external  field  persists.  This  is  consistent  with  the  simpler,  widely  used  steady-state  consideration 
of  a  DC  exposure,  where  the  voltage  induced  on  the  plasma  membrane  is  given  by  the  static  Schwan  equation, 
A'Fceii  «  1.5  E  R  cos  0.  while  everywhere  in  the  cell  interior  the  electric  potential  is  practically  constant. 


The  time  courses  of  the  two  induced  voltages  also  show  that  with  default  parameter  values,  A'Porg  remains  below 
A'Fceli  at  all  times,  as  could  be  expected  from  the  results  obtained  in  the  FD  (see  Fig.  2).  However,  if  in  analogy 


to  the  second  FD  study  we  set  an  =  0.5  S/m, 
Sim=3.0  x  10"11  As/Vm,  d i=  10  nm,  and  keep 
the  other  nine  parameters  at  their  default  values, 
the  situation  changes  quite  radically.  As  shown 
in  the  bottom  panel  of  Figure  5,  A'Porg  now 
exceeds  A'Pcen  considerably  during  the  first  tens 
of  nanoseconds.  The  general  properties  of  the 
two  voltages  —  a  monotonic  increase  of  A'Pcen 
and  a  transient  increase  of  A'Porg  followed  by  a 
decrease  to  zero  —  are  unchanged. 

The  FD  analysis  (see  Section  3.1)  reveals  that 
A'Porg  can  only  exceed  A'Pcei1  if  either  the  cell 
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membrane  differs  from  the  organelle  membrane, 
or  the  cytosol  differs  from  the  organelle  interior. 
From  the  results  shown  in  Figure  5  it  transpires 
that  moreover,  this  can  only  occur  during  the 
first  hundreds  of  nanoseconds  after  the  onset  of 
the  pulse.  Thus  only  pulse  durations  shorter  than 
this  can  allow  for  selective  targeting  of 
intracellular  structures,  while  with  longer  pulses 
the  cell  plasma  membrane  is  always  affected  to  a 
larger  extent. 

Further  time  courses  of  voltages  induced  by 
trapezoidal  nsPEFs  can  be  found  in  (35b). 
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3.3  Resting  voltage  on  organelle  membranes 

It  was  already  mentioned  in  Section  1  that  the  resting  voltage  normally  present  on  the  mitochondrial  membrane 
is  considerably  larger  than  its  counterpart  on  the  cell  plasma  membrane.  On  each  membrane,  the  voltage  induced 
by  an  external  electric  field  superimposes  to  the  resting  voltage,  due  to  which  the  total  voltage  can  be  higher  on  a 
mitochondrial  membrane  than  on  the  cell  plasma  membrane  even  with  ATVg  equal  to,  or  slightly  below  A'Pcen. 
As  the  membrane  voltages  required  for  electroporation  by  nsPEF  appear  to  be  in  the  range  of  volts  (28,  29),  it  is 
disputable  whether  a  high  resting  voltage  on  an  organelle  membrane  can  alone  be  decisive  in  making  this 
organelle  the  primary  target  of  the  field.  Still,  it  could  be  among  the  reasons  why  mitochondria  are  the  primary 
target  of  many  observed  effects  of  the  nsPEF.  This  possibility  has  been  discussed  previously  by  Weaver  (56). 

3.4  Curvature  of  organelle  membranes 

Some  theoretical  studies  suggest  that  the  threshold  value  of  membrane  voltage  required  for  electroporation  can 
decrease  if  the  membrane  curvature  is  sufficiently  high  (54,  41).  As  the  organelles  are  significantly  smaller  than 
the  cell,  the  typical  curvatures  found  in  organelle  membranes  are  generally  also  higher  than  those  in  the  cell 
membrane.  Due  to  this,  it  is  conceivable  that  even  with  A'Porg  somewhat  lower  than  A'Pcen,  electroporation  could 
affect  an  organelle  membrane,  but  leave  the  cell  membrane  intact. 

3.5  Voltage-gated  channels  in  organelle  membranes 

This  paper  is  mainly  concerned  with  the  conditions  that  would  allow  for  electroporation  of  the  organelle 
membranes,  but  for  completeness  it  should  be  noted  that  some  effects  caused  by  nsPEF  could  also  be  explained 
without  involving  electroporation.  Weaver  (56)  proposed  that  the  membrane  voltage  induced  on  the  inner 
mitochondrial  membrane  could  open  the  mitochondrial  permeability  transition  pore  complex  (MPTP).  As  this 
molecule  is  voltage  sensitive  (45,  44)  and  involved  in  the  induction  of  apoptosis  (20),  apoptosis  could  in  this 
manner  be  induced  also  without  electroporation  of  the  mitochondrial  membranes. 


4.  CONCLUSIONS 

In  Sections  3.1  and  3.2,  we  investigated  the  circumstances  under  which  the  voltage  induced  by  the  external  field 
on  an  organelle  membrane  can  exceed  its  counterpart  on  the  cell  plasma  membrane.  The  results  imply  that  this 
can  not  occur  if  the  electric  properties  of  the  organelle  interior  are  very  similar  to  those  of  the  cytosol,  and  if  the 
organelle  membrane  is  very  similar  to  cell  membrane.  On  an  organelle  membrane  considerably  thicker  than  the 
cell  membrane,  as  in  mitochondria,  the  induced  voltage  can  be  higher  even  under  these  circumstances,  but  the 
electric  field  in  the  organelle  membrane  will  remain  below  the  electric  field  in  the  cell  membrane,  making 
electroporation  of  the  former  but  not  the  latter  unlikely. 

However,  if  the  organelle  interior  is  more  electrically  conductive  than  the  cytosol,  or  if  the  organelle  membrane 
has  a  detectably  lower  dielectric  permittivity  than  the  cell  membrane,  the  situation  changes.  For  exposures  to 
sinusoidal  fields  in  the  MHz  range,  and  for  the  first  tens  of  nanoseconds  of  exposures  to  pulsed  fields,  the 
voltage  induced  on  the  organelle  membrane  can  easily  exceed  its  counterpart  on  the  cell  membrane,  as  illustrated 
in  Figure  4  and  in  bottom  panels  of  Figures  5  and  6.  These  findings  are  of  course  only  relevant  provided  that  the 
assumed  differences  between  the  organelle  interior  and  the  cytosol,  or  between  the  cell  and  organelle  membranes 
are  realistic.  Higher  ionic  concentrations  in  the  interior  of  some  organelles  could  result  in  higher  conductivity  of 
this  region  with  respect  to  the  cytosol,  which  appears  to  be  a  realistic  assumption  at  least  in  the  case  of  potassium 
ions  in  the  mitochondria.  Experimental  estimates  obtained  by  dielectric  spectroscopy  for  the  mitochondria  (4) 
and  the  nucleus  (5,  12)  also  corroborate  that  the  differences  between  the  electric  conductivities  of  the  organelle 
interiors  and  the  cytosol  can  be  considerable,  and  suggest  that  organelle  membranes  can  also  differ  significantly 
from  the  cell  plasma  membrane  in  their  dielectric  permittivities. 

Finally,  as  discussed  in  Sections  3.3,  3.4,  and  3.5,  there  are  at  least  three  additional  factors  that  could  lead  to  an 
organelle  membrane  being  electroporated  but  the  cell  membrane  left  intact:  high  resting  voltage  on  the  organelle 
membrane,  high  curvature  of  the  organelle,  and  voltage  sensitivity  of  certain  proteins  in  the  organelle  membrane. 
The  first  and  the  third  of  these  factors  could  also  contribute  to  the  explanation  why  particularly  mitochondria 
often  appear  to  be  the  primary  targets  of  nsPEF. 
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ABSTRACT 

The  treatment  of  cancer  with  the  use  of  radiofrequency  ablation  under  imaging  guidance  has  attracted  a  lot  of 
attention  among  oncologists  in  the  recent  years,  as  it  is  a  minimally  invasive  technique  of  rare  complications  to 
the  patients.  In  this  work  we  present  the  results  of  treatment  planning  for  the  case  of  liver  cancer  treated  with 
one  electrode  operating  at  450kHz.  We  use  the  finite  element  method  (FEM),  implemented  in  a  commercially 
available  software  package,  to  solve  the  combined  electromagnetic  and  thermal  problems.  We  explore  the  effect 
of  voltage  excitation,  as  well  as  of  the  temperature-dependent  conductivity,  on  the  resulting  maximum 
temperature  in  the  tissue.  The  influence  of  the  blood  perfusion  term  is  also  taken  into  consideration  in  our 
analysis.  The  results  show  that  several  parameters  play  a  role  in  the  production  of  a  realistic  treatment  planning 
and  in  the  investigation  of  the  efficiency  of  this  oncotherapeutic  modality,  but  with  the  use  of  the  necessary 
computer  resources  it  is  possible  to  study  most  of  its  aspects. 

I.  INTRODUCTION 

The  removal  of  tumor  (‘tumor  ablation’)  is  the  destruction  of  cancerous  tissue  in  an  effort  to  cure  the  disease.  It 
is  clinically  applied  mainly  to  non-resectable  tumors  with  the  use  of  either  thermal  or  chemical  methods  (e.g. 
ethanol).  The  thermal  methods  include  the  cooling  of  tissue  to  temperatures  below  -40°C  (cryoablation)  or  its 
heating  to  temperatures  higher  than  50°C  (thermoablation).  The  latter  is  achieved  with  electromagnetic  radiation 
(RF  or  microwave),  ultrasound  and  laser.  More  details  on  the  techniques  and  the  physical  principles  of  tissue 
ablation  can  be  found  in  [1]. 

Apart  from  liver  tumors,  where  it  is  considered  an  established  treatment  modality,  thermoablation  is  finding  an 
increasing  application  in  other  sites  like  kidney,  lung  and  bone.  Most  commercially  available  devices  operate 
with  the  radiofrequency  (RF)  current  which  flows  between  an  electrode  (inserted  into  the  tumor  under  the 
guidance  of  medical  imaging)  and  a  dispersive  electrode  (grounding  pad),  which  is  placed  distally  on  the  body 
surface  of  the  patient  and  serves  as  the  return  path  for  the  current.  The  heating  of  the  tissues  is  larger  where  the 
current  density  is  higher,  i.e.  next  to  the  electrode  in  the  tumor.  The  temperature  can  exceed  100°C,  although  cell 
death  due  to  coagulative  necrosis  occurs  already  above  50°C.  However,  high  tissue  temperature  may  result  in 
tissue  carbonization  (charring),  which  is  an  unwanted  situation,  not  only  because  it  is  an  irreversible  effect,  but 
mainly  because  it  leads  to  an  electrically  insulating  area  which  prevents  the  current  from  flowing. 

There  are  currently  several  limitations  in  tumor  thermoablation.  Imaging  techniques  should  be  improved  to 
allow  better  guidance  of  the  electrode  inside  the  tumor  and  evaluation  of  the  thermal  lesion.  New  techniques 
must  be  employed  (e.g.  multiple  electrode  systems)  in  order  to  increase  the  coagulative  zones,  instead  of 
inserting  a  single  electrode  more  than  once  in  the  tumor.  Finally,  the  treatment  efficiency  is  compromised  next 
to  large  blood  vessels,  which  advect  a  large  portion  of  the  heat  developed  in  the  target  area,  leading  to  lower 
than  expected  temperatures  [2].  Such  shortcomings  make  the  introduction  of  treatment  planning  an  important 
factor  in  securing  quality  assurance  of  the  treatment  and  maximizing  its  outcome. 

In  this  work  we  will  present  some  of  the  numerical  aspects  and  problems  in  the  treatment  planning  of  RF 
ablation  with  a  single  electrode  inserted  inside  the  liver. 

II.  METHODOLOGY 
Formulation 

At  first  look  treatment  planning  of  RF  ablation  appears  like  a  two-step  procedure.  In  the  frequency  range  of 
450-550  kHz,  where  most  probes  operate,  the  wavelength  of  the  electromagnetic  field  inside  the  tissue  is 
several  orders  of  magnitude  larger  than  the  size  of  the  ablation  electrodes,  i.e.  we  deal  with  a  quasi-static 
problem.  At  these  frequencies  conduction  current  is  more  important  in  living  tissues  (due  to  electrolyte  ions 
present  in  them)  than  displacement  current.  Therefore,  in  order  to  solve  the  electrical  problem  it  is  necessary  to 
use  Laplace's  equation, 
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V(<tVF)  =  0  (1) 

where  a  is  tissue  conductivity  (S/m)  and  V  is  the  electric  potential  (V).  It  is  assumed  that  no  current  sources  at 
the  same  frequency  like  the  externally  imposed  current  are  present  inside  the  human  body.  Having  calculated  the 
electric  field,  the  power  per  unit  mass  (W/kg)  dissipated  in  the  tissues,  i.e.  the  Specific  Absorption  Rate  (SAR), 
evaluates  to 


(T  |  ,9  1  ,  ,? 

SAR  =  —  £  = - L /  (2) 

P  P 

where  p  is  the  mass  density  (kg/m3)  and  J  the  current  density  (A/m2).  This  term  can  be  used  as  an  input  to  the 
Bioheat  Transfer  Equation  (BHTE)  of  Pennes’  [3] 


Pc —  =  V  •  (kVT)  -  pbcbcob  (T  -Tb)  +  Qm  +  QRF 
at 


(3) 


where  k  is  the  thermal  conductivity  (W/(m  K)),  c  is  the  specific  heat  (J/(kg  K)),  wb  is  the  blood  perfusion  rate 
(in  m3  of  blood  per  m3  and  per  s),  Qm  is  the  metabolic  heat  generation  rate  (W/m3)  and  QRF  is  the  volumetric 
heat  generation  rate  (W/m3)  due  to  the  RF  current: 

Qrf  =  p  SAR  (4) 


The  subscript  b  denotes  ‘blood’. 

However,  equations  (1)  and  (3)  are  coupled,  because  electrical  conductivity  cr  changes  with  temperature,  i.e. 
the  problem  is  non-linear  and  this  can  affect  the  final  temperature  calculated  with  numerical  techniques  [4], [5], 


Numerical  model 

The  coupled  differential  equations  were  solved  numerically  with  the  commercially  available  software  package 
FEMLAB  3. 1  i  (COMSOL  AB,  Stockholm,  Sweeden),  which  implements  the  Finite  Element  Technique  (FEM). 
The  assumed  electrode  (probe)  is  shown  in  Figure  1.  The  probe  had  a  diameter  of  0.3cm  and  consisted  of  two 
parts.  The  lower  tip  of  2cm  in  length  was  set  at  a  constant  voltage  V0 ,  whereas  the  upper  part  of  4cm  in  length 
was  supposed  to  be  insulated  electrically.  The  whole  probe  was  assumed  thermally  insulated,  which  is  not  far 
from  reality  for  electrodes  inserted  in  catheters. 


2.0  cm  4.0  cm 

K - Mie - si 

> 

Figure  1.  The  electrode  (probe)  assumed  in  the  numerical  simulations 

The  probe  was  inserted  inside  a  cubical  volume  of  liver  tissue  with  edge  dimension  of  12cm  (Figure  2).  The 
properties  of  the  tissue  and  blood  are  given  in  Table  1.  At  the  sides  of  the  cube  Dirichlet  boundary  conditions 
were  set  for  both  the  electric  and  the  thermal  problem:  The  temperature  was  set  at  37°C  and  the  voltage  at  0V. 


Table  1.  Physical  properties  of  model 


Property 

Value 

Electrical  conductivity  of  liver  (37°C) 

0.143  S/m 

Thermal  conductivity  of  liver 

0.502  W/(m  K) 

Specific  heat  of  liver 

3600  J/(kg  K) 

Mass  density  of  liver 

1060  kg/m3 

Specific  heat  of  blood 

4180  J/(kgK) 

Mass  density  of  blood 

1000  kg/m3 

Blood  perfusion  rate 

0.0064  1/s 

Blood  temperature 

37°C 

0.3  cm 


The  variation  of  electrical  conductivity  with  temperature  was  adopted  from  [4]  and  can  be  summarized  in 

a  (T)  =  0. 1 15 1  -  [0.00226  x  (25  -  T)]  +  [0.00000925  x  (25  -  T)2  ]  (5) 

where  T  is  the  tissue  temperature  in  °C.  The  conductivity  and  the  temperature  were  sampled  every  10  or  30s 
during  the  whole  simulation  of  a  treatment  lasting  15min. 
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Figure  2.  FEM  model  used  for  solving  the  problem 


IV.  RESULTS 

In  order  to  show  the  differences  between  the  linear  and  the  non-linear  problem,  the  equations  were  solved  both 
for  constant  electrical  conductivity  of  liver  and  for  temperature  dependent  according  to  equation  (5).  The  shape 
of  the  distribution  of  the  electric  potential  inside  the  computational  domain  does  not  change  very  much  in  the 
two  cases  (Figure  3),  nor  does  the  distribution  of  the  final  temperature  (Figure  4). 

Flowever,  the  maximum  temperature  (calculated  at  the  tip  of  the  probe)  is  different  in  the  two  cases  for  the  same 
voltage  V0  applied.  Figure  5  shows  that  when  the  conductivity  does  not  vary  with  temperature  the  maximum 
temperature  is  underestimated;  this  is  especially  true  for  higher  probe  voltages  V0 .  It  is  also  clear  from  Figure  5 
that  the  maximum  temperature  does  not  depend  linearly  on  V0 . 
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Figure  3.  Distribution  of  electric  potential  in  the  tissue  for  (a)  constant  and  (b)  temperature  dependent 

electrical  conductivity 
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Figure  4.  Final  (after  15min)  temperature  distribution  in  the  tissue  for 
(a)  constant  and  (b)  temperature  dependent  electrical  conductivity 


t(s) 

Figure  5.  Time  course  of  the  temperature  at  the  probe’s  tip  for  constant  (dashed  lines)  and  temperature 
dependent  (solid  lines)  electrical  conductivity  at  various  source  voltages 
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Abstract 

The  application  of  transmit  power  control  in  mobile  communications  allows  a  decrease  of  the  maximum  output 
power  to  a  lower  level  per  link.  Technical  reasons  to  utilize  transmit  power  control  are  the  reduction  of  co¬ 
channel  interference  and  an  increase  in  the  battery  lifetime  of  the  mobile  terminal.  Considering  the  well  known 
COST-Hata  wave  propagation  model  the  steady  state  transmit  powers  for  base  and  mobile  stations  in  typical 
scenarios  are  calculated.  It  is  shown  that  for  GSM  base  stations  the  optional  transmit  power  control  has  only  a 
small  impact  onto  the  human  exposure  to  electromagnetic  fields.  In  contrast  to  this  the  transmit  power  of  a  GSM 
mobile  phone  can  be  lowered  clearly  compared  to  the  maximum  output  power,  when  applying  transmit  power 
control.  For  UMTS  mobile  phones  there  is  even  a  higher  potential  for  an  exposure  reduction. 

Introduction 

In  mobile  radio  networks  there  are  basically  two  sources  of  electromagnetic  fields  (EMF).  On  the  one  hand  there 
is  a  fixed  base  station  which  transmits  a  signal  with  a  constant  level  at  all  times  to  allow  the  mobile  station  to 
identify  it.  The  more  users  there  are  in  a  cell  the  more  transmit  power  is  needed  to  serve  the  customers  with  user 
specific  information.  On  the  other  hand,  there  is  a  mobile  station  which  transmits  generally  only  when  the  user 
actively  uses  the  mobile  phone  e.g.  by  having  a  voice  connection. 

For  the  far  field  exposure  due  to  base  stations  the  exposure  can  be  conveniently  described  by  the  electric  field 
strength  ( E )  or  the  power  density  (5).  For  the  human  head  held  close  to  a  mobile  phone  there  is  a  strongly 
vaiying  near  field  over  different  tissue  types.  Therefore,  a  determination  of  the  specific  absorption  rate  (SAR)  is 
necessary.  The  exposures  which  encounter  in  real  life  due  to  base  and  mobile  stations  are  very  different 
compared  to  the  limit  values.  Safety  distances  to  base  stations  based  on  the  ICNIRP  Guidelines  [1]  are  typically 
just  a  few  meters  [2].  Thus,  the  exposures  due  to  base  stations  are  usually  well  below  the  limits.  However, 
concerning  the  exposure  to  mobile  phones  some  phones  are  quite  close  to  the  SAR  limit  [3].  In  conformance 
tests  the  mobile  phone  transmits  with  it’s  maximum  transmit  power  to  simulate  worst  case  conditions  [4]. 

The  possibility  of  transmit  power  control  (TPC)  allows  a  reduction  of  the  transmit  power.  Hence,  TPC  is  a 
means  to  reduce  interference  in  mobile  cellular  networks.  Additionally  there  is  a  remarkable  increase  in  battery 
lifetime  for  mobile  terminals.  In  3rd  generation’s  UMTS  networks  TPC  at  the  mobile  terminal  is  a  must  in  order 
to  allow  a  reception  of  all  users  with  the  wanted  signal  to  noise  plus  interference  ratio  (SNIR)  at  the  base  station. 
This  paper  deals  with  the  potential  of  the  exposure  reduction  of  TPC. 


Network  layout 

In  the  simulations  a  simplified  hexagonal  network  layout  with  three  sector  antennas  in  each  hexagon  is 
considered.  Base  stations  are  placed  at  the  centers  of  the  hexagons  (cf.  Fig.  1).  There  are  two  rings  of  hexagons 
surrounding  a  center  hexagon  to  take  the  exposure  of  surrounding  cells  into  account.  The  technical  configuration 
is  the  same  for  all  base  stations.  The  exposure  is  evaluated  for  the  center  hexagon.  Therefore,  this  hexagon  is 
overlayed  with  a  regular  grid  of  about  100  000  equidistant  points. 
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Fig.  1:  Left:  Hexagonal  cell  showing  the  orientation  of  Fig.  2:  Exposure  scenario, 
the  sector  antennas  (arrows).  Right:  Convention  for 
angles  in  a  spherical  coordinate  system. 


Exposure  Scenario 

Fig.  2  shows  the  considered  exposure  scenario  in  a  side  view.  All  base  stations  (BS)  are  mounted  at  a  height  /7Bs, 
the  mobile  stations  (MS)  are  at  a  height  /iM s  =  1-5  m.  The  horizontal  separation  of  the  MS  to  the  BS  is  given  by 
the  distance  R.  The  variable  Rc  denotes  the  cell  radius,  which  is  defined  in  Fig.  1.  In  the  simulations  cell  radii  of 
Rc  =  1  km  and  Rc  =  6.3  km  are  regarded.  Since  for  smaller  cell  sizes  the  antennas  are  typically  mounted  at  a 
lower  height  the  antenna  heights  hHS  of  the  BS  are  chosen  to  be  dependent  on  the  cell  radius  Rc.  For  the  smaller 
cell  radius  (Rc  =  1  km)  the  antenna  height  hBS  =  12.6  m  for  the  larger  cell  radius  (Rc  =  6.3  km)  hBS  =  41  m. 

At  the  BS  there  are  three  Kathrein  742212  antennas  [5]  mounted  with  \\r  =  {90°,  210°,  330°}  to  cover  three 
sectors  (cf.  Fig.  1).  The  pattern  of  the  antenna  with  a  gain  GBs  =  18  dBi  is  shown  in  Fig.  3.  For  the  simulation  the 
pattern  is  smoothed  and  limited  to  take  an  increased  field  strength  due  to  multipath  propagation  into  account.  To 
concentrate  more  energy  on  the  ground  a  declination  of  the  antenna  pattern  can  be  done  electrically.  The 
considered  sector  antennas  are  tilted  down  slightly.  The  downtilt  angle  is  chosen  in  such  a  manner  that  the 
direction  where  the  antenna  has  its  half  power  beamwidth  above  the  main  beam  direction  is  directed  at  the  height 
of  a  MS's  antenna  at  the  cell  radius  Re- 


Fig.  3:  Elevation  pattern  of  Kathrein's  742212  with  3° 
electrical  downtilt.  Shown  is  the  pattern  CBS(0)  for  one 
polarization  of  the  X-polarized  antenna.  Dark  line: 
unmodified  manufacturer  data;  light  line:  smoothed  and 
limited  pattern  data. 


Emission  versus  Exposure 

A  measure  of  the  biological  relevance  of  electromagnetic  fields  is  the  exposure.  Transmitters  are  often  classified 
by  their  transmit  power  (emission).  In  situations  where  there  is  no  change  in  the  loss  between  transmitter  and  the 
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human  body  the  change  in  transmit  power  is  directly  proportional  to  the  change  in  exposure.  An  example  is  a 
mobile  station  held  close  to  the  head.  As  long  as  the  terminal  is  not  moved  the  exposure  is  proportional  to  the 
transmit  power.  However,  moving  e.g.  the  mobile  terminal  further  away  from  the  head  will  typically  lead  to  a 
lower  absorption  loss  of  the  head.  As  a  result  of  this,  the  transmit  power  can  be  lowered.  Furthermore,  the 
distance  to  the  head  is  increased.  Both  facts  will  lead  in  sum  to  an  exposure  that  is  lower  compared  to  the 
situation  where  the  mobile  phone  is  closer  to  the  human  head.  However,  the  change  in  exposure  is  no  longer 
directly  proportional  to  the  change  in  emission. 

Considering  two  cell  radii  Rc  with  different  BS  antenna  heights  /?Hs  yields  different  path  losses  in  the  scenarios. 
Since  the  exposure  is  in  the  far  field  it  can  be  expressed  as  power  density  S.  Comparing  the  power  density  S 
allows  a  direct  comparison  of  the  exposure.  In  contrast  to  this,  for  the  human  exposure  due  to  the  mobile  phone  a 
constant  position  of  the  phone  to  the  head  will  be  assumed.  Therefore,  the  change  in  exposure  is  then  directly 
proportional  to  the  change  in  transmit  power. 


Path  loss  model 


In  order  to  derive  the  exposure  a  knowledge  of  the  path  loss  L  between  all  sources  of  EMF  and  the  points  that  are 
defined  for  an  evaluation  is  necessary.  The  path  loss  model  chosen  for  the  simulations  is  the  well  known  COST- 
Hata  model  [6].  The  model  takes  a  correction  term  for  open  areas  into  account  [7].  For  this  reason,  the  building 
development  can  be  described  by  a  parameter  b.  This  parameter  ranges  from  b  =  0...1,  b  =  0  corresponds  to  an 
open  area  whereas  b  =  1  corresponds  to  an  urban  area.  For  more  information  about  the  parameter  b  see  [8],  The 
uplink  and  downlink  frequencies  are  chosen  to  be  /=  2  GHz.  A  deviation  between  uplink  and  downlink 
frequency  is  not  considered  since  the  frequency  difference  is  usually  small  in  prevalent  frequency  division 
duplex  (FDD)  systems,  and  therefore  has  only  a  negligible  influence  on  the  path  loss.  The  isotropic  path  loss  L\ 
according  to  the  COST-Hata  model  is  given  by: 


A_ 

dB 


f  \ 

f 

(  1  \ 

\ 

f  \ 

158.16-13.82  log 

^BS 

+ 

44.9-6.55  log 

"BS 

log 

R 

l  m  J 

V 

l  m  ) 

/ 

IkmJ 

(1) 


where  use  of  the  fixed  MS  antenna  height  and  frequency  has  been  made.  Formula  (1)  gives  the  path  loss  for 
isotropic  antennas,  therefore  the  name  isotropic  path  loss  Lv  Using  directional  antennas  will  change  the  path  loss 
to: 
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Herein  GBs  and  GMS  are  the  gains  of  the  base  and  mobile  stations,  respectively.  The  gains  have  to  be  weighted  by 
the  square  of  the  antenna  patterns  C2.  Since  the  patterns  depend  on  the  viewing  angle  different  indices  for  the 
angles  0  and  iff  are  used  for  the  base  and  mobile  station.  Depending  on  the  gains  G  and  patterns  C  the  path  loss  L 
can  be  larger  or  smaller  than  the  isotropic  path  loss  L\.  Typically  the  base  station  antennas  are  directed  in  order  to 
radiate  much  energy  into  directions  were  the  isotropic  path  loss  L\  is  large.  For  the  antenna  of  the  mobile  station 
an  isotropic  radiator  is  assumed,  therefore,  the  last  term  in  (2)  vanishes  for  the  calculation  of  the  path  loss  L. 

For  distances  close  to  the  base  station  (1)  might  yield  path  losses  which  are  smaller  than  for  a  free  space 
propagation  (unobstructed  line  of  sight).  If  this  happens  the  path  loss  in  the  model  is  replaced  by  the  value  of  the 
path  loss  for  free  space  condition. 


Path  Loss  in  a  Cell 

Four  cell  types  were  considered  for  an  evaluation  of  the  path  loss  L  in  a  cell.  These  are: 
a  large  urban  cell 
a  small  urban  cell 
a  large  rural  cell 
a  small  rural  cell 

The  term  “large”  refers  to  a  cell  size  of  Rc  =  6.3  km,  whereas  the  term  “small”  refers  to  a  cell  size  of  Rc  =1  km. 
For  the  urban  cell  the  parameter  b  in  (1)  is  chosen  to  be  b  =  0.8  for  the  rural  cell  b  =  0.2.  Figs.  4-7  show  the 
distribution  of  the  path  losses  in  the  four  types  of  regions  for  different  antenna  types.  Fig.  4  shows  the 
probability  density  function  (PDF)  of  the  path  loss  according  to  (1)  with  b  =  0.2.  Figs.  5-7  include  a  log-normal 
fading  with  a  standard  deviation  a  =  7  dB.  The  left  hand  sides  (LHS)  of  the  figures  show  the  PDF  for  the  larger 
cell  sizes  whereas  the  right  hand  sides  (RHS)  show  the  PDF  for  the  smaller  cell  sizes.  Whereas  Figs.  4  and  5 
refer  to  an  isotropic  antenna  at  the  BS  the  Figs.  6  and  7  regard  the  Kathrein  742212  as  BS  antenna.  Comparing 
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Figs.  4  and  5  shows  that  considering  a  log-normal  fading  shows  broader  distribution  of  the  PDF.  The  installation 
of  sector  antennas  with  a  high  gain  will  allow  a  significant  reduction  of  the  path  loss  (compare  Figs.  5  and  6). 
Increasing  the  building  development  would  yield  higher  path  losses  (cf.  Fig.  7). 


50  100  150  50  100  150  50  100  150  50  100  150 


path  loss  L  (dB)  path  loss  L  (dB) 

Fig.  4:  PDF  of  the  isotropic  path  loss  in  a  rural  region.  Fig.  5:  PDF  of  the  isotropic  path  loss  in  a  rural  region. 
Parameters:  b  =  0.2.  LHS:  R(  =  6.3  km,  RMS:  Rq  =  1  km.  No  Parameters:  b  =  0.2.  LF1S:  i?c  =  6.3km,  RHS:  Rc=lkm. 
log-normal  fading.  Log-nonnal  fading  (a  =  7  dB). 


50  100  150  50  100  150  50  100  150  50  100  150 


path  loss  L  (dB)  path  loss  L  (dB) 

Fig.  6:  PDF  of  the  path  loss  for  the  considered  directional  Fig.  7:  PDF  of  the  path  loss  for  the  considered  directional 
antenna  in  a  rural  region.  Parameters:  b  =  0.2.  LHS:  antenna  in  an  urban  region.  Parameters:  b  =  0.8.  LHS: 
i?c  =  6.3km,  RHS:  i?c=lkm.  Log-normal  fading  i?c  =  6.3km,  RHS:  Rc=lkm.  Log-nonnal  fading 
(a  =  7dB).  (a  =  7  dB). 

Link  budget 

To  decode  a  signal  correctly  a  minimum  required  signal  quality  must  be  reached.  This  quality  can  be  given  in 
general  as  a  SNIR  (signal-to-noise-plus-interference-ratio).  The  noise  is  thermal  noise  and  can’t  be  reduced 
below  a  certain  value  which  is  dependent  on  the  system  temperature  and  bandwidth.  For  CDMA  systems  (e.g. 
UMTS)  where  a  lot  of  users  share  the  same  frequency  at  the  same  time  interference  has  to  be  taken  into  account. 
Interference  can  be  interpreted  as  noise  and  vice  versa. 

GSM  systems  use  frequency  division  multiple  access  (FDMA)  and  time  division  multiple  access  (TDMA)  to 
separate  users.  Assuming  sufficient  carriers  are  available  the  effect  of  interference  needs  not  to  be  considered.  To 
determine  the  required  transmit  powers  at  the  base  and  mobile  stations  it  is  sufficient  to  regard  the  necessary 
received  power  PR  per  user  at  the  receiving  end  in  combination  with  the  path  loss.  PR  is  independent  of  the 
network  load  and  given  by  the  transmit  power  PT  minus  the  path  loss  L  between  the  transmitter  and  the  receiver. 
Knowing  the  path  loss  the  minimum  required  PT  can  be  determined. 
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For  the  determination  of  the  maximum  path  loss  L  and  therefore  also  for  the  mandatory  channel  no  log-normal 
fading  is  considered.  The  transmit  power  of  the  base  and  mobile  stations  are  increased  by  20  dB  to  account  for 
additional  propagation  losses  as  the  absorption  of  energy  in  the  human  body  and  effects  of  small-scale  fading. 
For  simplicity  fading  is  not  explicitly  considered  in  the  determination  of  the  transmit  powers.  For  the  mobile 
stations  fading  is  considered  in  a  later  step. 

The  transmit  power  of  the  BS  is  labeled  by  /  t.bs  and  the  transmit  power  of  the  MS  by  Rt.ms- 


TPC  at  the  BS 

If  there  is  no  TPC  implemented  the  PDF  of  the  received  signal  has  the  same  shape  as  the  path  loss.  Power 
control  can  be  used  only  for  dedicated  channels  which  don’t  have  to  be  received  at  all  MS. 

The  channel  configuration  of  the  considered  GSM  system  is  shown  in  Fig.  8.  Shown  are  two  carriers  which  are 
allocated  to  different  frequencies  around  /=  2  GHz.  On  the  LHS  there  is  the  BCCH  carrier.  Each  of  the  eight 
bins  corresponds  to  one  time  slot.  Via  this  carrier  information  about  the  cell  is  transmitted  in  one  slot.  The  seven 
other  time  slots  on  this  carrier  are  reserved  for  additional  signaling  purposes  or  e.g.  SMS  services.  If  the 
information  of  these  slots  is  not  needed  they  are  filled  up  with  dummy  bits  and  transmitted  with  full  power.  This 
carrier  can’t  be  power  controlled.  Active  users  having  a  voice  connection  are  put  on  another  carrier  on  which 
power  control  is  available.  The  transmit  power  in  a  power  controlled  slot  is  decreased  by  APC  compared  to  the 
power  of  the  BCCH  carrier.  The  maximum  power  reduction  which  is  possible  is  given  by  APCmax.  The 
simulations  were  done  assuming  a  varying  range  of  the  parameter  APCmax. 


BCCH  carrier  carrier  containing  active  users 


time  slot  time  slot 

cell  information  |  reserved  slots  |  active  users 
Fig.  8:  Channel  configuration  of  the  considered  GSM  system. 


In  the  following  three  different  numbers  of  carriers  N  are  investigated.  The  numbers  chosen  are  N=  1,  4  and  6. 
In  the  case  of  N=  1  only  the  BCCH  carrier  is  transmitting.  N  =  4  and  6  correspond  to  typical  channel 
configurations.  The  required  user  densities  n  for  these  three  cases  are: 

-  «  =  0  (N=  1) 

-  n  =  0.70  /km2  (Rc  =  6.3  km,  N=  4) 

-  n=  1.16  /km2  (Rc  =  6.3  km,  N=6) 

-  n  =  27.71  /km2  (Rc  =  1  km,  N=4) 

-  n  =  46.18  /km2(f?c  =  1  km,  N—b) 

Whereas  in  the  large  cell  ( Rc  =  6.3  km)  the  considered  number  of  carriers  can  be  filled  with  small  user  densities 
much  higher  user  densities  are  needed  for  the  smaller  cell  size  (Rc  =  1  km). 

Figs.  9-14  show  the  transmit  power  /t.bs  per  sector  and  the  average  power  density  Aavg  versus  the  maximum 
possible  power  reduction  APCmax,  respectively,  for  three  cases.  There  are  no  results  given  for  the  case  of  the 
large  urban  cell.  For  this  case  the  path  loss  would  be  too  high  for  a  lot  of  mobile  stations  to  reach  the  base 
stations. 

If  there  is  only  the  mandatory  BCCH  carrier  on  air  TPC  would  yield  no  power  reduction  since  this  carrier  can’t 
be  power  controlled  (N  =  1  in  the  figures).  If  there  are  active  users  in  time  slots  which  can  be  power  controlled 
the  total  transmit  power  fed  into  the  sector  antenna  can  be  lowered  typically  by  just  3  to  4  dB.  A  higher  value  of 
APCmax  allows  lower  transmit  powers.  Choosing  APCmax  larger  than  10  dB  shows  no  further  positive  effect  in 
terms  of  transmit  power  reduction. 

The  more  channels  that  are  in  use,  the  higher  is  the  reduction  of  the  transmit  power  when  using  TPC.  The 
increase  from  4  carriers  to  6  carriers  shows  no  significant  effect.  A  change  in  transmit  power  within  one 
configuration  is  directly  proportional  to  the  change  in  exposure  (compare  the  figures  in  one  row). 

Furthermore,  the  results  show  that  there  is  no  one-to-one  equivalence  of  emission  (transmit  power)  and  exposure 
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(power  density).  In  the  case  of  the  rural  cell  the  transmit  power  of  the  BS  /t,bs  in  the  large  cell  (cf.  Fig.  9)  is 
much  higher  than  in  the  smaller  cell  (cf.  Fig.  11).  Flowever,  the  exposures  in  both  network  configurations  are 
almost  the  same  (compare  Figs.  10  and  12).  In  the  small  urban  cell  the  transmit  power  is  much  higher  than  in  the 
small  rural  cell  but  the  exposure  is  higher  by  just  a  small  amount.  This  is  due  to  the  fact  that  in  the  urban  network 
not  only  the  transmit  power  is  higher  but  also  the  path  loss  is  much  higher  than  in  the  rural  case. 


Fig.  9:  Transmit  power  per  sector  versus  the  maximum 
power  reduction.  Parameters:  Rc  =  6.3  km,  b  =  0.2  (rural 
area). 


maximum  power  reduction  A  PCmax  (dB) 


Fig.  10:  Average  power  density  versus  the  maximum  power 
reduction.  Parameters:  Rq  =  6.3  km,  b  =  0.2  (rural  area). 


Fig.  11:  Transmit  power  per  sector  versus  the  maximum 
power  reduction.  Parameters:  Rc  =  1  km,  b  =  0.2  (rural  area). 


Fig.  12:  Average  power  density  versus  the  maximum  power 
reduction.  Parameters:  Rc  =  1  km,  b  =  0.2  (rural  area). 
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maximum  power  reduction  A  PCmiK  (dB) 


maximum  power  reduction  A  PCmax  (dB) 


Fig.  13:  Transmit  power  per  sector  versus  the  maximum  Fig.  14:  Average  power  density  versus  the  maximum  power 
power  reduction.  Parameters:  Rc  —  1  km,  b  =  0.8  (urban  reduction.  Parameters:  Rc  =  1  km,  b  =  0.8  (urban  area), 
area). 


For  UMTS  there  are  also  some  channels  which  are  transmitted  at  all  times  with  a  constant  level.  As  in  GSM, 
user  specific  channels  can  be  also  power  controlled.  Simulations  have  shown  that  the  results  for  UMTS  are  very 
similar  to  those  shown  for  GSM. 

TPC  at  the  MS 

The  mobile  station  can  adjust  it’s  transmit  power  in  a  given  range.  For  GSM  1800  mobile  phones  the  transmit 
power  A, ms  can  be  adjusted  according  to  the  specifications  from  0  dBm  to  30  dBm  [9].  Fig.  15  shows  the 
transmit  power  of  the  mobile  station  when  there  is  no  restriction  on  power  control.  In  the  large  cell  there  are 
some  MSs  which  would  transmit  with  a  very  high  transmit  power  (LHS  of  Fig.  15).  In  practice  the  maximum 
TPC  is  restricted  to  30  dBm  [9]  (LHS  of  Fig.  16).  Since  20  dB  are  added  to  the  transmit  powers  as  a  safety 
margin  there  might  be  a  quality  decrease  for  MSs  demanding  a  higher  transmit  power  than  possible.  MSs  that 
would  need  more  than  50  dBm  of  transmit  power  definitely  can’t  be  served  due  to  their  restriction  of  the 
maximum  output  power  of  30  dBm.  However,  this  is  only  a  relatively  small  part.  Comparing  large  and  small  cell 
sizes  shows  that  the  transmit  power  in  the  smaller  cell  can  be  lowered  by  about  20  dB.  Furthermore,  comparing 
the  Figs.  15  and  16  it  is  clear  that  the  implemented  lowest  transmit  power  for  MSs  in  GSM  networks  is  not 
exposure  optimized  since  a  lot  of  MSs  would  be  able  to  lower  their  transmit  power  below  Rt.ms  =  0  dBm  in 
small  cells. 


-20  0  20  40  -20  0  20  40 

mobile  station  transmit  power  Pr  Ms  (dBm) 


Fig.  15:  PDF  of  the  mobile  station’s  transmit  power  in  a  rural  Fig.  16:  PDF  of  the  mobile  station’s  transmit  power  in  a  rural 
GSM  network.  The  transmit  power  can  reach  arbitrary  GSM  network.  The  transmit  power  can  be  in  the  range  of  the 
values.  Parameters:  b  =  0.2;  LHS:  i?c  =  6.3km,  RHS:  specified  TPC.  Parameters:  b  =  0.2;  LHS:  Rc  =  6.3  km,  RHS: 
Rc  =  1  km.  Rq  —  1  km. 
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For  UMTS  mobile  phones  the  maximum  output  power  typically  used  for  voice  transmissions  is 
/Ji  vis  =  +21  dBm.  Since  every  transmitting  mobile  station  produces  interference  an  optimum  received  power  at 
the  base  station  is  a  must.  The  specifications  [10]  demand  a  minimum  transmit  power  of  PXMS  =  -50  dBm  or 
lower.  Fig.  17  shows  the  chosen  transmit  power  of  the  MS  F’t.ms  if  there  is  no  restriction  of  the  TPC.  Setting  a 
lower  limit  of  F’t.ms  =  -50  dBm  shows  that  a  very  small  part  of  the  mobile  stations  in  the  small  cell  is  then 
transmitting  with  a  higher  power  than  necessary  (cf.  Fig.  18).  Since  a  transmit  power  that  is  too  high  would  cause 
interference  at  the  BS  this  situation  should  be  avoided.  Therefore,  the  range  of  the  TPC  in  UMTS  should  be 
extended  even  further. 


mobile  station  transmit  power  P?  MS  (dBm)  mobile  station  transmit  power  PT  MS  (dBm) 


Fig.  17:  PDF  of  the  mobile  station’s  transmit  power  in  a  rural  Fig.  18:  PDF  of  the  mobile  station’s  transmit  power  in  a  rural 
UMTS  network.  The  transmit  power  can  reach  arbitrary  UMTS  network.  The  transmit  power  can  be  lowered  only  to 
values.  Parameters:  b  =  0.2;  Channel  model:  Veh.  A,  MS  -50  dBm.  Parameters:  b  =  0.2;  Channel  model:  Veh.  A,  MS 
speed  =  3  km/h.  LHS:  Rc  —  6.3  km,  RHS:  i?c  =  1  km.  speed  =  3  km/h.  LHS:  i?c  =  6.3  km,  RHS:  Rq  =  1  km. 


Comparing  the  results  for  GSM  and  UMTS  suggests  that  UMTS  MSs  need  much  lower  transmit  powers  than 
GSM  MSs.  The  reason  for  this  is  that  typical  configurations  of  the  MSs  are  assumed.  Since  interference  due  to 
the  reception  of  multiple  MSs  at  the  same  frequency  and  time  is  not  a  dominant  problem  at  GSM  BSs,  network 
operators  tend  to  choose  transmit  powers  at  the  MS  which  are  clearly  higher  than  those  needed  at  a  certain 
instant  of  time.  This  is  due  to  fact  that  the  implemented  power  control  can  only  react  very  slowly  on  changing 
propagation  conditions.  In  contrast  to  this  interference  in  UMTS  networks  at  the  BS  is  really  a  problem. 
Therefore,  network  operators  have  to  choose  the  MS’s  transmit  power  as  low  as  possible.  Fast  TPC  at  the  MS 
helps  to  adjust  the  transmit  power  every  1/1500  seconds.  For  this  reason  there  is  no  need  for  adding  a  large 
security  factor  to  account  for  fading  effects  as  long  as  the  MS  is  moving  with  a  low  speed. 

Conclusion 

Interference  reduction  and  an  increase  in  battery  lifetime  are  technical  reasons  to  implement  transmit  power 
control.  The  reduction  of  the  human  exposure  to  electromagnetic  fields  is  rather  a  side  effect.  It  is  shown  that  the 
decrease  in  exposure  using  power  control  at  the  base  station  is  rather  small  since  the  base  station  has  to  transmit 
site  specific  information  in  a  broadcast  mode  at  all  times.  From  an  exposure  point  of  view  a  maximum  power 
decrease  of  1 0  dB  per  power  controlled  link  is  sufficient.  A  larger  power  reduction  will  not  help  to  decrease  the 
exposure  to  electromagnetic  fields.  Taking  advantage  of  transmit  power  control  at  the  mobile  station  the  transmit 
power  and,  therefore,  the  exposure  due  to  the  mobile  phone  can  be  lowered  clearly  by  several  orders  of 
magnitude.  Whereas  the  power  control  range  of  UMTS  mobile  phones  corresponds  in  a  very  good  manner  to  the 
path  loss  the  power  control  range  of  GSM  phones  is  clearly  not  exposure  optimized. 
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Abstract 

The  electric  field  produced  by  electric  power  lines  is  usually  calculated  with  the  use  of  numerical  methods. 
However,  the  analytical  calculation  of  the  electric  field  is  preferable,  because  it  leads  to  a  mathematical 
expression,  which  shows  the  field’s  dependencies  from  all  the  line  parameters. 

Initially,  a  method  to  derive  the  analytical  formulas  of  the  intensity  of  the  electric  field  produced  by  electric 
power  lines,  is  presented  in  this  paper.  This  method  is  based  on  the  analysis  of  the  intensity  of  the  electric  field 
into  the  sum  of  two  multipole  expansions  and  in  the  use  of  double  complex  numbers  for  the  simplification  of  the 
mathematical  expressions.  Due  to  the  asymmetry  of  conductors’  charges,  they  are  analyzed  in  their  symmetrical 
components.  Afterwards,  accurate  analytical  formulas  of  the  intensity  of  the  electric  field  for  simple  circuit 
power  lines  with  conductors  in  triangular  arrangement  are  given,  which  are  valid  at  any  point  in  the  vicinity  of 
lines.  Beyond  the  accurate  formulas,  simpler  approximate  formulas  are  presented,  which  give  the  electric  field 
with  known  precision. 


1  Introduction 

During  the  last  25  years  the  electric  and  magnetic  fields  are  considered  more  and  more  as  environmental  factors. 
The  International  Commission  on  Non-Ionizing  Radiation  Protection  (ICNIRP)  published  in  1998  the  guidelines 
[1],  In  these  guidelines,  the  limit  values  are  5kV/m  and  1  OOuT  for  the  public  exposure  and  lOkV/m  and  SOOliT 
for  the  occupational  exposure.  The  World  Health  Organization  (WHO)  and  the  European  Union  (E.U.)  have 
adopted  the  limits  of  ICNIRP  [2,3].  These  limits  are  included  in  the  national  legislations  of  the  most  countries  in 
the  E.U. 

In  the  present  paper  analytical  formulas  are  developed  for  the  calculation  of  the  intensity  of  the  electric  field  in 
the  vicinity  of  single  circuit  power  lines.  Corresponding  analytical  formulas  for  the  calculation  of  magnetic  flux 
density  were  published  in  [4].  The  analytical  formulas  provide  the  advantage  of  easy  and  precise  calculation  of 
the  field  intensities  and  of  a  simpler  parametrical  investigation  for  evaluating  the  effect  of  various  parameters, 
without  the  use  of  numerical  methods.  Therefore,  they  are  appropriate  for  the  assessment  of  the  public  exposure, 
e.g.  in  the  frames  of  epidemiological  studies. 


2  Calculation  procedure 

2.1  Electric  field  produced  by  power  lines 

Figure  1  shows  the  model  of  a  simple  circuit  power  line  and  a  point  of  interest  P  for  the  calculation  of  the 
intensity  of  the  electric  field.  It  is  considered  that  the  line  route  is  straight  and  that  its  length  is  very  big  in 
comparison  with  the  distances  between  the  conductors  and  the  distances  of  conductors  from  the  ground.  The 
three  conductors  in  figure  1  bring  charges  Qi,  Q?  and  Q3,  which  are  sinusoidal  varying  in  time,  while  their 
distances  from  the  point  P  are  Ri,  R2  and  R3  respectively.  The  intensity  of  electric  field  Ek  in  point  P,  produced 
by  a  conductor  k,  is  given  by 
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conductor  to  the  point  P,  Rk  the  vector  distance  from  the  image  of  the  k  conductor  to  point  P  and  Rk  ,  Rk  the 


modulus  of  vectors  Rk  and  Rk  respectively. 


Figure  1.  Model  of  a  single  circuit  power  line  with  the  conductors’  images 


In  the  general  case,  a  line  with  n  conductors  may  be  considered.  Using  the  superimposition  theorem,  the  intensity 
of  electric  field  E,  produced  by  the  line  is  equal  to  the  sum  of  the  fields  produced  by  each  conductor  separately, 
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(2.2) 


Relation  (2.2)  is  usually  used  for  the  numerical  calculation  of  the  intensity  of  the  electric  field.  However,  the 
summing  operation  doesn’t  allow  this  formula  to  be  readily  applied  for  the  calculation  of  the  electric  field  and 
makes  it  unsuitable  for  reaching  general  conclusions  for  the  electric  field  properties  and  its  dependencies  on  the 
various  parameters  of  the  line. 
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2.2  Double  complex  numbers  and  multipole  expansions 

The  relations  for  the  electric  field  vector  are  simplified  if  complex  numbers  are  used  for  the  representation  of 
vector  distances.  On  the  other  hand,  complex  numbers  are  used  for  the  representation  of  sinusoidal  varying 
quantities  in  time  (phasors),  such  as  conductors’  charges,  so  finally  double  complex  numbers  are  required.  Book 
[5]  contains  the  theoritical  basis  of  double  complex  numbers,  in  [4]  they  are  used  for  the  calculation  of  magnetic 
flux  density  and  in  [6]  to  express  the  elliptically  polarized  vector  of  the  electric  field  of  light. 

For  the  representation  of  space  vectors  the  set  of  complex  numbers  Ci  is  used,  with  the  imaginary  part  j,  for 
example  Rk=xk+jyk,  while  for  the  representation  of  sinusoidal  varying  quantities  in  time,  the  set  Ci  with  the 
imaginary  part  i  is  used,  for  example  Qk=Qke“pK. 

Figure  1  shows  that  each  conductor  k  may  characterized  by  the  vector  distance  dk  from  the  reference  point  O, 
which  is  a  central  point  of  the  real  conductors’  system.  The  image  of  each  conductor  k  may  characterized  by  the 

vector  distance  dk  from  the  reference  point  O',  which  is  a  central  point  for  the  conductors’  images’  system.  The 

points  O  and  O'  are  close  to  but  not  necessarily  the  centers  of  the  conductors’  systems.  Their  choice  is  a  matter 
of  experience  and  is  made  in  order  to  simplify  the  mathematical  expressions. 

Replacing  Rk=R-dk  and  Rk=R  -  dk  in  (2.2),  it  becomes  (2.3). 
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Using  the  well-known  relations  (2.4)  in  (2.3),  the  intensity  of  the  electric  field  results  as  the  sum  of  two 
multipole  expansions,  one  from  the  real  conductors’  system  and  the  other  from  the  conductors’  images’  system, 
relation  (2.5). 
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The  terms  E^  and  EA  are  called  X  order  terms  and  are  given  by  the  relations  (2.6) 
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where  the  factors  Mk  and  M  ;  are  called  X  order  moments  for  the  conductors’  images’  system  and  the  real 
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conductors’  system  respectively  and  are  given  by  the  relations  (2.7). 
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(2.7b) 

The  multipole  expansion,  which  appears  in  relation  (2.5),  is  a  series  of  infinite  terms,  each  inversely  proportional 
to  an  increasing  power  of  the  distance  and  has  been  used  in  [4]  and  [7]  for  the  calculation  of  magnetic  field 
produced  by  electric  power  lines. 

2.3  Analysis  of  charges  in  symmetrical  components 


The  calculation  of  the  conductors’  charges  is  necessary  in  order  to  calculate  the  intensity  of  the  electric  field.  In 
the  case  of  a  single  circuit  power  line,  figure  1,  the  conductors’  charges  Q,,  Q2  and  Q3  are  given  by  the  relations 
(2.8). 
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The  terms  D,,  IT,  D3  and  D  are  calculated  by  the  relations  (2.9) 
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where  V 1,  V2  and  V3  are  the  voltages  of  the  conductors  1,  2  and  3  respectively,  and 
ln(2hj/r)  g  _£  lnMV> 
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The  factors  h, ,  r, ,  ry  and  ry  that  appear  in  relation  (2.10)  are: 

-  hi  _  distance  of  the  conductor  i  from  the  ground 

-  r,  radius  of  the  conductor  i 

-  ry ,  distance  between  the  conductors  i  and  j 

-  ry ,  distance  between  the  conductor  i  and  the  j  conductor’s  image. 

Figure  1  shows,  for  example,  three  characteristic  distances  hj,  r!2  and  r,j2-. 

The  conductors’  charges  Q,,  Q2  and  Q3  constitute  an  asymmetrical  system,  which  impedes  the  calculation  of  the 
intensity  of  the  electric  field.  The  asymmetrical  system  of  charges  is  analyzed  in  three  symmetrical  three  phase 
systems,  the  positive,  the  negative  and  the  zero  sequence  system,  according  to  relation  (2.1 1). 


1  1  1 

1  2 

1  a  a 
la  a 


(2.11) 


where  Q(0),  Qm,  Q(2,  are  the  zero,  the  positive  and  the  negative  sequence  charge  respectively  and  a_=  e‘2,l/3. 

The  intensity  of  the  electric  field  is  calculated  for  each  one  of  the  components  of  charges  separately  and  the  final 
accurate  formulas  arise  from  the  superimposition  of  the  results. 
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3  Electric  field  of  single  circuit  power  lines  with  conductors  in  triangular  arrangement 
3.1  Accurate  formula  of  the  electric  field 

Figure  2  shows  a  single  circuit  line  with  the  conductors  placed  on  the  corners  of  an  equilateral  triangle.  The 
voltages  of  the  three  conductors  constitute  a  symmetrical  system  and  are  given  by  relation  (3.1). 

Va  =  VZ\20°  ,  Vh=VZ0°  ,  Vc=VZ- 120°  (3.1) 


Figure  2.  Model  of  a  single  circuit  power  line  with  the  conductors  placed  on  the  corners  of  an  equilateral  triangle 

Choosing  the  center  of  the  arrangement  as  the  reference  point  for  both  the  real  conductors’  system  and  the 
conductors’  images’  system,  as  shown  in  figure  2,  the  distances  of  the  conductors  from  these  points  are  given  in 
(3.2). 

.  2tu  .  2n 


da=pe  3 

>  db=P 

dc=Pe  3 

(3.2a) 

.  K 

•  Jt 

da=pe 

db=P 

.  7C 

•  -Jt 

,  dc=pe 

(3.2b) 

where  p=jp  is  the  distance  vector  between  the  reference  point  O  and  the  upper  conductor,  as  shown  in  figure  2. 
Due  to  dk  ^  dk  ,  the  moments  \I ;  and  M;  ,  which  are  given  in  relations  (2.7),  are  different, 

M^Ma  (3.3) 
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From  relation  (3.3)  results  that  the  real  conductors’  system  is  calculated  separately  from  the  conductors’  images’ 
system. 

The  conductors’  charges  are  calculated  through  relations  (2.8)-(2.10)  and  the  assymetrical  system  that  results  is 
analyzed  in  its  symmetrical  components  according  to  relation  (2.1 1).  For  all  the  changes  of  the  distance  between 
the  conductors  as  well  as  the  height  h  from  the  ground  of  the  real  conductors,  it  results  that  the  negative  sequence 
charge  is  practically  zero(Q(2)=0)  and  that  the  charges’  angles  for  the  positive  and  zero  sequence  system,  0,  i ,  and 
0(0)  respectively,  remain  constant  and  equal  to 


e(1)=y  ,  0(0)  =  n  (3.4) 

Thus,  the  intensity  of  the  electric  field  is  calculated  only  for  the  positive  and  zero  sequence  charges  for  the  two 
conductors’  systems  (real  conductors  and  conductors’  images)  separately. 

Considering  that  the  conductors  bring  only  the  positive  sequence  charges,  then  each  conductor’s  charge  is  given 
in  relation  (3.5) 

Qa=Q(i)  ■  Qb^2Q,D  >  Qc=^(d  (3-5) 


where  according  to  relation  (3.4),  results 


5(i)  Q(i) 


(3.6) 


Replacing  relations  (3.2),  (3.5)  and  (3.6)  in  relations  (2.7),  (2.6)  and  (2.5)  and  taking  into  consideration  relation 
(3.3),  results  the  intensity  of  the  electric  field  that  comes  from  the  positive  sequence  charge  and  is  given  in  (3.7) 
for  the  conductors’  images’  system  and  in  (3.8)  for  the  real  conductors’  system. 

E0r - -pN)]  (3-7) 

4ti£0  I  R'  +p  I 

— (i)  = - 3^P^3T-[R(l-ij)  +  p(l+ij)]  (3.8) 

4Jte0  R  -P 


Considering  that  the  conductors  bring  only  the  zero  sequence  charges,  then  each  conductor’s  charge  is  given  in 
relation  (3.9) 

(3.9) 


Q  =Q 

Ya  Y(0) 


Q  =Q 

lib  11(0) 


Q  =Q 

-C  — (0) 


where  according  to  relation  (3.4),  results 


5(0)=Q(0)'e 


(3.10) 


Replacing  relations  (3.2),  (3.9)  and  (3.10)  in  relations  (2.7),  (2.6)  and  (2.5)  and  taking  into  consideration  relation 
(3.3),  results  the  intensity  of  the  electric  field  that  comes  from  the  zero  sequence  charge  and  is  given  in  (3.11)  for 
the  conductors’  images’  system  and  in  (3.12)  for  the  real  conductors’  system. 

6Q(0)R'2 


— (0)=  ' 


4jte, 


R'  +p 


E(0)  - 


6Q(o)R 

7=3  =3 

47I£0  R  -  p 


(3.11) 


(3.12) 


The  intensity  of  the  electric  field  E,  at  any  point  in  the  vicinity  of  the  line,  arises  finally  from  the 
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superimposition  of  all  intensities  from  relations  (3.7),  (3.8),  (3.11)  and  (3.12),  as  shown  in  (3.13). 

E  =  (e(1)+E(0))  +  (e(1)+E(0j|  (3.13) 

From  (3.13),  results  the  final  expression  (3.14),  which  represents  the  intensity  of  the  electric  field  as  a  double 
complex  number. 


E  -  / _ 3  _jw _ 3  _3\'[(Q(i)PR  R'  +  Q(i)PRR'  Q(i)P  R  +Q(pP  R  +2Q(0)R  R' 

47ts0|R  -p  j(R'  +p  j 

_ 2Q(0)R  R'  -Q(1)P  R'  +  Q,1)P  R  +  2Q(1)P  -2Q(0)p  Rl  -2Q(0)p  R  )  + 

+  ij(Q(i,pR  R'  +  Q(i,p  R  -Q(i)P  R'-Q(i)PRR  +Q(i)P  R  -Q(i)P  R)] 


(3.14) 


The  rms  value  of  the  electric  field  E  is  equal  to  the  modulus  of  the  double  complex  number  E  and  is  given  in 
relation  (3.15). 


^R6+p6-2R3p3sin30R  ^R'6+p6  -2R'3p3sin30R,  j 

[(Q(1)pR3R  sin(30R  -0R,  )-Q(1)p2R'3cos30R,  -  Q(1)p4R  cos0R,  +Q(O)R3R'2cos(30r  -20r  ) 

-  Q(O)R~R'3cos(20r  -30r  )  -  Q(O)p3R'-sin20R  +Q(O)p3R~sin20R )“  + 

+  (Q(1)pRR'3sin(0R-30R1)+Q(1)p2R3cos30R+Q(1)p4Rcos0R+Q(O)R3R'-cos(30R-20R) 
-Q(O)R2R'3cos(20r-30r)  -Q(O)p3R'2sin20R+Q(O)p3R2sin20R)2  +  (3.15) 

+  ("Q(i,Pr3r  cos(30R-0R)+Q(i)P2R'3sin30R+Q(1)p4R  sin0R,-Q(1)p5+Q(O)R3R'"sin(30R-20R) 
-Q(O)R-R'3sin(20R-30R)  -  Q(O)p3R'“cos20R  -Q(O)p3R'cos20R)“  + 

+  (-Q(i,pRR'3cos(0R  -30R,)+Q(1)p2R3sin30R  +Q(1)p4Rsin0R  -Q(1)p5  +Q(O)R3R'2sin(30R  -20R ) 
-Q(O)R2R'3sin(20R-30R)  -Q(O)p3R'2cos20R1+Q(O)p3R2cos20R)2]1/2 

The  angles  0R  and  0R-  are  shown  in  figure  2.  Relation  (3.15)  is  valid  only  for  the  case  where  the  equilateral 
triangle  has  the  arrangement  of  figure  2.  If  the  triangle  has  a  different  placement  in  space,  then  the  relative 
positions  of  the  images  would  also  be  different  and  the  calculation  of  the  intensity  of  the  electric  field  should 
remade  from  the  beginning. 

3.2  Approximate  formulas  of  the  electric  field 

Relation  (3.15)  is  the  accurate  formula  of  the  intensity  of  the  electric  field  and  depends  on  the  positive  and  zero 
sequence  charges.  This  formula  is  very  extensive.  A  simpler  approximate  formula  may  derive  taking  into 
account  only  one  of  the  symmetrical  components  of  the  charges. 

Figure  3  shows  the  effect  of  the  positive  and  zero  sequence  charge  in  the  intensity  of  the  electric  field,  for  a 
typical  150kV  power  line  with  the  conductors  in  triangular  arrangement.  From  figure  3  results  that  the  positive 
sequence  charge  has  the  bigger  effect  in  the  electric  field  not  only  close  to  but  also  far  from  the  line.  Flowever, 
choosing  only  the  positive  sequence  charge  for  the  calculation  of  the  electric  field,  the  deviation  from  the 
accurate  values,  mainly  close  to  the  line,  is  considerable. 


E  = 


3V2 

47I8n 
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Figure  3.  a)  Positive  and  b)  zero  sequence  charge  effect  in  the  electric  field  E  that  produced  by  a  typical  150kV 
single  circuit  line  with  triangular  arrangement  of  conductors. 

-  Accurate  values  by  formula  (3.15)  - Symmetrical  component’s  effect 


Replacing  Q(oy=0  in  (3.15),  the  intensity  of  the  electric  field  by  the  positive  sequence  charge  is  derived  in  (3.16). 

r  i1/2 

3x/2Q(1)P  1 


4tt80  |^R6  +p6  -2R3p3sin30R  )^R'6  +p6  -2R'3p3sin30R, )  J 

2  2 
[|tCRsin(30R-0R'  )-pR'^cos30R'-p^Rcos0R'j  +|RR'^sin(0R-30R')+pR^cos30R+p^Rcos0Rj  + 

2 

+ 1  -R^R  cos(30r  -0r'  )+pR'3sin30R'  +p^R  sin0R>  -p^  j  +  |-RR'3cos(0r  -30r'  )+pR^sin30R  +p3Rsin0R  -p‘ 


4)2nl/2 


Relation  (3.16)  is  also  quite  extensive.  Taking  into  account  the  considerable  deviation  between  the  approximate 
values  and  the  accurate  values  of  the  electric  field,  it  results  that  the  approximate  formula  (3.16)  is  not  efficient. 
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Another  formula  may  derive  considering  R=R'  and  0R=0R.  Thus,  replacing  R=R'  and  0r=0r-  in  (3.15),  the 
simpler  formula  (3.17)  arises. 

E=  3  • ,  6  '  3  i '  [Q( i)  V  (R4sin20R  -PR3cos30r  -P3Rcos0r  f  + 

2ns0  |R  +p  -2R  p  sin30R|  q  17) 

(-Q(1)Pr4cos20r  +Q(1)P2R3sin30R  +  Q(1)P4Rsin0R  -  Q(1)P5  +  2Q(O)R5sin0R  -2Q(O)P3R2cos20r)  ]1/2 

Relation  (3.17)  is  the  accurate  formula  of  the  intensity  of  the  electric  field  on  the  surface  of  ground.  This  relation 
can  also  be  a  very  good  approximate  formula  for  the  electric  field,  for  low  calculation  heights  (up  to  lm),  as  well 
as  for  far  distances  from  the  line. 


Figure  4  shows  the  comparison  of  the  electric  field  E  produced  by  a  single  circuit  line  with  the  conductors  in 
triangular  arrangement,  as  it  is  calculated  by  the  accurate  formula  (3.15)  and  the  approximate  formula  (3.17).  In 
figure  4a  the  comparison  between  the  two  formulas  is  made  for  calculation  height  lm  from  the  ground,  while  in 
figure  4b  the  comparison  is  made  for  calculation  height  3m  from  it. 


x 

Figure  4.  Intensity  of  the  electric  field  E  produced  by  a  typical  150kV  single  circuit  line  with  triangular 
arrangement  of  the  conductors,  as  it  is  calculated  from  the  accurate  formula  (3.15)  and  the  approximate  formula 
(3.17)  for  height  a)  lm  and  b)  3m  from  the  ground. 

-  Accurate  formula  (3.15)  -  Approximate  formula  (3.17) 
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Figure  4a  shows  that  for  low  calculation  heights  (up  to  lm),  the  approximate  formula  (3.17)  gives  the  intensity 
of  the  electric  field  with  exceptional  precision,  not  only  far  from  the  line,  but  also  close  to  it.  Figure  4b  shows 
that  for  bigger  calculation  heights,  the  formula  (3.17)  gives  satisfying  results  only  for  far  distances  from  the  line, 
while  close  to  it  the  deviation  is  significant. 


4  Conclusions 

The  electric  field  produced  by  power  lines  of  big  length  in  comparison  with  the  distances  between  the  conductors 
and  the  distances  between  the  conductors  and  the  ground,  can  be  expressed  with  extensive  analytical  formulas. 
In  the  present  paper  a  method  to  derive  the  analytical  formulas  of  the  electric  field  has  been  developed.  This 
method  is  based  on  the  analysis  of  the  intensity  of  the  electric  field  into  two  multipole  expansions,  one  from  the 
real  conductors’  system  and  the  other  from  the  conductors’  images’  system.  For  the  simplification  of  the 
mathematical  expressions  double  complex  numbers  are  used.  Due  to  the  asymmetry  of  conductors’  charges,  they 
are  analyzed  in  their  symmetrical  components. 

Using  this  method  the  accurate  analytical  formula  for  the  intensity  of  the  electric  field  produced  by  single  circuit 
lines  with  the  conductors  in  triangular  arrangement  is  given.  This  relation  may  be  used  for  the  accurate 
calculation  of  the  intensity  of  the  electric  field,  at  any  point  in  the  vicinity  of  the  lines,  close  to  or  far  from  them. 
From  the  accurate  formula,  a  simpler  approximate  formula  with  very  good  precision  is  derived,  which  is  valid 
either  for  low  calculation  heights  (up  to  lm)  either  for  bigger  heights  in  far  distances  from  the  line. 
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Abstract 

In  this  paper  we  discuss  the  human  exposure  level  for  electric  and  magnetic  fields  generated  by  power  lines.  In 
particular,  we  consider  the  real  case  of  a  populated  area  in  Tuscany  (Italy)  crossed  by  two  high  voltage  (380  kV) 
power  lines.  We  carried  out  a  wide  measurement  campaign  and  also  estimated  the  electric  and  magnetic  fields 
generated  by  the  power  lines  by  means  of  simple  and  full-wave  models  ( based  on  the  Method  of  Moments). 

The  measurement  data  are  used  to  verify  the  accuracy  of  the  models.  The  estimated  electric  and  magnetic  fields 
are  then  used  to  evaluate  the  field  exposure  in  the  whole  area. 

In  this  paper,  we  briefly  describe  the  models  used  in  the  analysis.  We  then  compare  and  examine  the  results 
obtained  from  the  measurements  and  the  models.  Finally,  we  discuss  the  model  exploitation. 


Introduction 

The  problem  of  evaluating  the  power  line  field  exposure  is  complicated  for  two  reasons.  The  strong  variation  of 
the  electric  current  in  a  power  line  reflects  on  the  variation  of  the  generated  magnetic  field,  and  the  accurate 
estimation  of  the  electric  field  generated  by  a  power  line  can  be  a  very  complicated  problem  due  to  the 
complexity  of  the  environment.  If  the  area  to  be  analyzed  is  large  (in  our  case  about  700  m  x  250  m)  an  accurate 
evaluation  of  the  human  exposure  level  only  by  measures  can  be  impracticable.  Moreover,  in  case  of  evaluation 
of  the  exposure  level  for  the  magnetic  field,  it  is  necessary  to  analyze  the  field  over  a  large  time  span  (several 
months  -  one  year).  Even  for  this  reason  an  accurate  evaluation  of  the  human  exposure  level  only  by  measures 
can  be  impracticable.  On  the  contrary,  the  combined  utilization  of  measurements  and  numerical  models  allows 
the  characterization  of  the  electric  and  magnetic  fields  generated  by  power  lines  and  the  evaluation  of  the  field 
exposure. 

In  Italy,  the  electric  and  magnetic  fields  generated  by  power  lines  are  subjected  to  the  D.P.C.M.  (Decree  of  the 
Prime  Minister)  8th  July  2003.  It  states  that  the  maximum  electric  field  generated  by  power  lines  (in  accessible 
areas)  has  not  to  exceed  the  effective  value  of  5  kV/m.  For  the  effective  value  of  the  magnetic  flux  density  (here, 
for  sake  of  brevity,  the  magnetic  field),  the  D.P.C.M.  establishes  three  limits.  The  maximum  value  has  not  to 
exceed  100  pT.  In  babies  playing  fields,  schools,  houses  and,  in  general,  in  areas  where  people  can  stay  more 
than  4  hours/day,  the  value  of  10  pT,  evaluated  as  median  over  a  time  span  of  24  hours,  has  not  to  be  exceeded. 
Finally,  in  case  of  a  new  power  line  near  babies  playing  fields,  schools,  houses  and,  in  general,  in  areas  where 
people  can  stay  more  than  4  hours/day,  and/or  new  buildings  the  median  value  of  3  pT  has  not  to  be  exceeded. 
The  fact  to  have  to  evaluate  the  median  value  of  the  magnetic  field  over  24  hours  makes  hard  to  carry  out  a 
measurement  campaign  in  a  large  area.  The  Italian  regulations  CEI  211-6  gives  suggestions  about  a 
measurement  campaign  and  allow  the  use  of  a  numerical  model,  recommending  measurements  where  a 
numerical  model  estimates  a  field  intensity  greater  than  50%  of  the  limit  value.  In  our  case  we  have  collected  a 
large  measurement  set  (one  hundred  points  /  two  heights  for  point  /  two  dates  per  point),  we  have  used  these  data 
in  order  to  evaluate  the  numerical  model  accuracy,  and  we  have  used  the  numerical  model  to  estimate  the  human 
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exposure  level  [1],  [2], 

The  Italian  regulations  CEI  211-4  describes  two  models  (for  the  magnetic  and  electric  field,  respectively)  to 
estimate  the  fields  generated  by  power  lines.  These  models  are  two-dimensional,  i.e.  consider  the  two- 
dimensional  problem  obtained  from  a  perpendicular  plane  cut  of  the  power  line,  containing  the  test  point.  In 
order  to  estimate  the  magnetic  field,  the  terrain  is  considered  completely  transparent,  so  the  Biot-Savart  law  for  a 
infinite  straight  wire  can  be  directly  used.  In  order  to  estimate  the  electric  field,  the  terrain  is  assumed  as  an 
infinite  plane  parallel  to  the  power  line  wires  and  with  an  electric  potential  of  0  V.  In  order  to  use  these  (and  the 
others)  numerical  models,  we  have  collected  all  the  geometrical  and  electrical  characteristics  of  the  power  lines, 
including  the  line  current  and  voltage  recording  (one  sample  per  hour  for  one  year). 

We  have  also  used  others  models,  to  represent  in  more  detail  the  real  situation.  In  particular,  we  have  used  a 
three  dimensional  Biot-Savart  model  in  order  to  estimate  the  magnetic  field,  and  a  2D  full  wave  model,  based  on 
the  Method  of  Moments  [3],  in  order  to  estimate  the  electric  field.  In  this  model  the  profile  of  the  terrain  and  of 
buildings  on  the  plane  perpendicular  to  the  power  line  wires  and  containing  the  test  points  are  considered  at  0  V 
and  are  discretized  by  linear  segments  with  an  unknown  uniform  electric  charge  distributed  on.  Also,  a  three 
dimensional  model  is  considered,  where  the  AIM  (Adaptive  Integral  Method)  [4],  [5]  approach  is  used  to 
overcome  the  computational  time  and  dynamic  memory  requests  of  the  classical  Method  of  Moments  in  case  of  a 
large  number  of  unknowns. 

In  the  following  sections  we  briefly  described  the  models  used,  comparing  the  results  with  the  measurements. 


Magnetic  field  model 

We  have  used  two  numerical  models  to  estimate  the  magnetic  field  generated  by  power  lines.  Both  models  use 
the  Biot-Savart  law,  in  two  and  three  dimensions,  respectively.  In  the  following,  we  describe  these  models  and 
the  results  obtained. 


Two  dimensional  model 

The  two  dimensional  model  follows  the  Italian  regulations  CEI  211-4.  The  fields  are  considered  almost  static, 
the  wires  of  the  power  lines  are  assumed  as  infinite  straight  wires  with  uniform  current  and  passing  by  the 
intersection  between  the  real  wire  and  the  perpendicular  plane  containing  the  test  point.  The  terrain  and  other 
objects  (buildings,  etc.)  are  considered  having  the  same  magnetic  permeability  of  the  air.  So,  they  are  completely 
transparent  to  the  magnetic  field  and  the  classical  Biot-Savart  law  can  be  employed  to  evaluate  the  contribution 
of  a  wire  to  the  total  magnetic  field.  This  situation  is  sketched  in  Fig.  1. 

The  magnetic  field  generated  by  the  power  line  is  given  by 

JL  -  n  JL  ij 

i  2,7V  ;= i  d  ■ 


where  M  is  the  number  of  wires,  7,  is  the  current  phasor  flowing  on  wire  i,  <7,  is  the  distance  between  the  wire  i 

and  the  test  point  on  the  plane  perpendicular  to  the  wire,  and 

„  „  j  .  d, 

u.  =  xxd ,  =  xx —  . 

d, 


Fig.  1:  Two  dimensional  model  geometry  for  the  evaluation  of  the  magnetic  field. 
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Respect  to  the  CEI  211-4  specifications,  in  the  two  dimensional  model  the  effect  of  the  terrain  has  been 
considered  through  image  wires  (with  current  -/, ),  placed  at  an  height 

h'i  =  ht  +  503 exp  (j 

below  the  terrain,  where  hj  is  the  height  of  the  wire  i  respect  to  the  terrain,  f0  is  the  frequency  and  p  is  the  mean 
resistivity  of  the  terrain  [6].  However,  in  our  case  (pg  =8Qm),  we  have  found  that  the  contribution  of  the 
images  of  the  real  wires  is  not  so  significant. 


Three  dimensional  model 

in  the  three  dimensional  model,  with  respect  to  the  two  dimensional  model,  the  real  wires  of  the  power  lines  are 
represented  as  a  sequence  of  linear  segments.  Moreover,  the  images  of  the  real  wires  are  not  considered.  With 

reference  to  Fig.  2,  the  contribution  to  the  magnetic  field  given  by  the  segment  F\  P2  is 


£—(?)  =  — 
^  4/r 


p  frsxr 


‘V 


dl  =  — 


1 “J 


S'n^  dl  =  -^—Iu{ cos($, )  -  cos(#2  ))s 
4  7d 


P\  Pi 

with  u  =  s  x  {  .  The  overall  magnetic  field  generated  by  a  power  line,  with  M  wires  subdivided  in  N  segments,  is 


—  //  m 
4;r  /-j 


N+ 1  n 

Z  -TL(cos(0i.j  )  -  cos(^j+i )) 

j=o  a  i j 


Outside  the  region  of  interest,  the  wires  are  approximated  with  two  semi-infinite  segments,  so 

3,0  —  ®  0i,N+2  ~  ft  ■ 


Results 

In  Fig.  3  we  show  a  comparison  result  for  the  two  and  the  three  dimensional  model.  In  every  point  we  have 
measured  the  magnetic  field  2  m  over  the  floor.  Besides  the  estimated  value,  an  error  bar  representing  the 
maximum  and  minimum  values  relative  to  an  uncertainty  of  2  m  in  the  position  is  showed.  The  area  is  near  a 
power  line  tower,  that  is  the  worse  situation  respect  to  the  straight  wire  approximation  assumed  in  the  two 
dimensional  model.  In  spite  of  this,  we  see  that  the  two  dimensional  model  can  be  used  to  verify  the  Italian 
regulations  compliance  of  power  lines,  even  if  the  three  dimensional  model  has  higher  accuracy  and  almost  the 
same  implementation  complexity. 

Using  a  numerical  model  and  the  power  line  current  recording  we  can  characterize  the  magnetic  field  generated 
by  the  power  line.  Besides  contour  maps,  a  product  obtainable  with  a  numerical  model  is  shown  in  Fig.  4. 


Fig.  2  :  Three  dimensional  model  geometry  for  the  evaluation  of  the  magnetic  field. 
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Fig.  3:  Comparison  between  the  two  and  three  dimensional  model  results.  Up:  position  of  the  measurement 
points.  Down:  comparison  results.  The  estimated  values  are  indicated  by  diamonds.  The  error  bars  are 
relative  to  assuming  a  topography  and  position  accuracy  of  2  meters. 


Electric  field  model 

We  have  used  two  2D  models  to  estimate  the  electric  field  generated  by  power  lines.  The  first  one  is  the  model 
indicated  by  the  Italian  regulations  CEI  211-4.  The  second  one  includes  the  topography  and  buildings  effects, 
and  is  based  on  the  Methods  of  Moments  with  pulse  basis  functions  and  point  matching.  We  also  discuss  the  3D 
extension  of  the  last  model,  using  the  AIM  formulation  in  order  to  reduce  the  computational  complexity  of  the 
algorithm.  In  the  following,  we  describe  these  models  and  the  results  obtained  with  the  2D  models.  Results 
obtained  with  the  3D  AIM  model  will  be  shown  at  the  conference. 

CEI  211-4  model 

As  sketched  in  Fig.  5,  the  CEI  211-4  numerical  model  for  the  electric  field  generated  by  power  line  is  the 
simplest  one.  The  wires  of  the  power  line  are  assumed  infinitely  straight  and  parallel,  the  terrain  is  assumed 
perfectly  flat  and  at  0  V  potential. 

In  this  case,  the  electric  charge  q f  on  wire  i  is  obtainable  solving  the  linear  system  V_  =  SQ , 
where  Q  and  V_  =  [(//,  -  y/Q  =  y/i  ]  are  the  vector  containing  the  electric  charge  and  the  voltage  of  the  wires, 
respectively,  and  the  elements  of  the  elastance  matrix  S  are  given  by 
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Fig.  4  :  Median  value  histogram  (left)  and  graph  (right)  of  the  magnetic  field  as  evaluated  by  the  numerical 
model.  The  value  of  3  pT  is  the  limit  indicated  by  the  Italian  regulations  for  a  new  plant  or  building. 


Fig.  5  :  CEI  211-4  electric  field  model  geometry. 
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When  the  electric  charges  are  determined,  the  electric  field  follows 

1  ^  P~Pi  1  -M 


2ke 


i=1  \P-Pi 


Ike 


P~  P, 
\P-P'\2 


where  a  primed  quantity  denotes  the  position  of  an  image  and  M  is  the  number  of  wires. 


Full  2D  model 

The  full  2D  model  includes  the  presence  of  building  and  a  not  flat  terrain,  as  sketched  in  Fig.  6.  It  employs  a 
Method  of  Moments  using  pulse  basis  functions  to  describe  the  buildings  and  the  terrain,  and  the  point  matching 
technique. 

The  electric  charge  on  the  wires  and  the  amplitude  of  the  linear  charge  distribution  on  the  segments  are  again 
evaluated  solving  the  linear  system  V_  =  SQ ,  where  the  first  M  elements  of  the  vectors  Q  and  V  are  the  charge 

and  the  voltage  of  the  wires,  respectively,  and  the  remaining  ones  are  the  amplitude  of  the  linear  charge 
distribution  and  the  voltage  (0  V)  of  the  Ns  segments  representing  the  buildings  and  the  terrain.  The  elements  of 
the  elastance  matrix  S  are  now  given  by 


where 


2k E 


-In 


du 
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for  1  <  j  <M 
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and  L  .  is  the  length  of  segment  j,l ,  is  its  direction,  /?  and  /?  ,  are  the  position  of  the  wire  i  and  of  the  center  of 
segment  j,  respectively.  The  electric  field  is  then  evaluated  as 
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where  the  primed  entities  are  relative  to  the  images. 


Results 

In  Fig.  7  we  show  the  comparison  between  measurements  and  estimations  for  two  transverse  sections  respect  to 
the  power  line  in  the  area  under  analysis.  We  consider  the  presence  of  the  buildings,  but  do  not  consider  the 
other  obstacles  (trees,  etc.).  This  is  not  enough  to  obtain  a  good  accuracy.  However,  the  model  can  give  some 
information  about  the  position  of  the  points  were  measure  the  electric  field.  The  power  line  voltage  is  almost 
constant,  so  we  can  characterize  the  electric  field  generated  by  the  power  line  by  such  measurements. 

In  order  to  obtain  a  better  accuracy,  we  can  model  the  power  line  and  the  buildings  in  three  dimensions.  This 
brings  to  increase  the  number  of  basis  functions,  leading  the  application  of  the  Method  of  Moments  to  an 
unfeasible  requests  on  computational  time  and/or  dynamic  memory.  An  efficient  method  can  be  adopted,  and  in 
the  following  we  discuss  about  the  use  of  the  AIM  formulation  in  the  3D  problem  corresponding  to  the  geometry 
sketched  in  Fig.  6. 


On  the  use  of  Adaptive  Integral  Method 

A  three  dimensional  analysis  of  the  area  of  interest  through  the  Method  of  Moments  to  estimate  the  electric  field 
generated  by  a  power  line  could  be  more  accurate  than  a  the  2D  model,  but  it  leads  to  unfeasible  requests  on 
computational  time  and/or  dynamic  memory.  In  such  case  the  use  of  a  computationally  efficient  scheme  of  the 
Method  of  Moments  gives  the  opportunity  to  carry  out  a  3D  analysis.  In  the  following  we  discuss  some 
implementation  notes  of  the  Adaptive  Integral  Method  (AIM).  Some  results  will  be  presented  at  the  conference. 
The  Adaptive  Integral  Method  (AIM)  [4],  [5]  has  been  widely  used  to  solve  electromagnetic  scattering  and 
radiation  problems  involving  large  objects.  Its  implementation  in  a  Method  of  Moments  (MoM)  approach 
allows,  when  used  with  an  iterative  solver,  to  accelerate  the  matrix-vector  multiplication  and  to  reduce  the 
number  of  matrix  elements  to  be  stored.  In  particular,  the  computational  complexity  of  a  matrix-vector 
multiplication  is  in  the  order  of  0(N 2 )  using  the  conventional  MoM,  where  N  is  the  number  of  unknowns,  but 
using  the  AIM  reduces  it  to  0(N' "  log  N)  and  0(N  log  N)  for  surface  and  volume  scattering,  respectively. 

The  AIM  exploits  the  convolutional  property  of  the  free  space  Green's  function.  In  particular,  the  interaction 
between  the  basis  and  the  testing  functions  are  divided  into  near  and  far  interactions.  The  near-interactions 
matrix  elements  are  evaluated  as  in  the  conventional  MoM.  The  other  elements  (far-interactions  matrix  elements) 
are  approximated  using  an  auxiliary  set  of  basis  function,  placed  on  a  uniform  cartesian  grid.  Such  auxiliary  set 
of  basis  function  are  almost  equivalent  to  the  MoM  basis  function  with  reference  to  the  elastance  matrix 
elements  [5].  By  virtue  of  the  auxiliary  function  are  placed  on  an  uniform  cartesian  grid,  and  due  to  the 
convolutional  form  of  the  free  space  Green's  function,  the  matrix-vector  product  relative  to  the  far-interactions 
matrix  elements  can  efficiently  evaluated  through  Fast  Fourier  Transforms  (FFT's). 

In  case  of  a  half-space  limited  by  a  perfectly  conductor  plane  (Fig.  6,  extended  to  three  dimensions),  the 
pertinent  Green's  function  doesn't  exhibit  a  convolutional  form,  so  the  AIM  formulation  cannot  be  applied 
directly.  However,  we  can  exploit  the  image  principle  and  apply  the  AIM  formulation  on  the  actual  object  and  on 
its  image,  increasing  the  number  of  points  of  the  uniform  cartesian  grid  to  be  considered.  On  the  contrary,  we 
can  individually  consider  the  real  and  the  image  term  in  the  Green's  function.  In  such  case,  the  reflected  term 
exhibits  a  correlation  form  on  a  space  variable  and  its  matrix-vector  product  contribution  can  be  again  evaluated 
by  FFT's  without  increase  the  number  of  points  of  the  uniform  cartesian  grid. 

In  particular,  the  needed  direct  FFT's  samples  can  be  obtained  from  the  direct  FFT's  samples  of  the  auxiliary 
basis  functions  of  the  real  objects,  obtaining  an  algorithm  with  almost  the  same  computational  complexity  and 
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dynamic  memory  requested  by  the  algorithm  for  the  analysis  of  the  object  in  free  space. 

In  our  implementation,  the  AIM  formulation  is  applied  only  to  the  terrain  and  buildings.  The  wires  of  the  power 
line  (few  unknowns)  are  considered  as  in  the  classical  MoM,  in  order  to  reduce  the  number  of  FFT  points  along 
the  z  direction. 

Assumed  the  ground  plane  at  z  =  0  position,  the  Green’s  function  has  the  form 

gAp-p\z-z')+gi\p-p\z  +  z')= - ,  \  = - ■  \  ^=. 

4K£^\p -p'\  +(z-z')2  4n£yl\p- p'\~  +(z  +  z')2 

where  |/5-/)'|is  the  distance  between  source  and  test  position  in  the  xy  plane.  Considering  the  unknowns 
images,  we  have  to  evaluate 

Z  Z  Tjgkp- P')5xM-q')Sy,2hz  +(r-r')Sz)//(p',q',r')=gi(pSx,qSy,2hz  +  rSz)®y/(p,q,-r) , 

p'= 0  <7'=0  r'= 0 

where  ®  denotes  the  three-dimensional  convolution,  8 x  ,  denote  the  cartesian  grid  spacing  along  the  x,  y  and 
z,  respectively,  h .  is  the  minimum  z  coordinate  of  the  cartesian  grid  enclosing  the  object  (0  in  our  case),  and  t// 
denotes  the  auxiliary  source  values. 

If  'F(i,  j,k)  denotes  the  FFT  samples  of  y/{p,q,r),  the  FFT  samples  of  \f/(p,q,-r)  are  given  by 
'F)!,  j-k)  =  'V(i,  j,  N,  -k) ,  being  N,  the  number  of  FFT  points  along  the  z  direction. 

So,  the  presence  of  image  sources  involves  only  the  multiplication  in  the  transformed  domain.  The  overall 
computational  complexity  is  dominated  by  the  number  of  operations  required  by  the  direct  and  inverse  FFT  and 
it  is  almost  the  same  of  the  free-space  case.  With  similar  consideration  we  can  apply  the  AIM  technique  also  in 
structure  with  one  or  more  ground  planes,  parallel  to  the  coordinate’s  planes.  Such  consideration  can  be  useful  in 
evaluation  of  capacitance  for  an  arbitrary  shaped  three  dimensional  structure  in  the  presence  of  such  ground 
planes. 


Conclusions 

We  have  discussed  about  the  use  of  numerical  models  of  electric  and  magnetic  fields  generated  by  power  lines  to 
evaluate  the  human  exposure  level.  The  results  obtained  from  numerical  models  are  been  compared  to 
measurements.  In  case  of  the  magnetic  field,  a  3D  model  can  be  efficiently  used,  with  almost  the  same 
complexity  of  a  2D  model.  In  case  of  electric  field,  a  2D  numerical  model  hasn’t  a  good  accuracy,  even  consider 
the  effects  of  buildings  and  topography,  and  measurements  are  necessary.  In  such  case,  a  numerical  model  can 
be  used  to  choose  the  measurement’s  points. 

A  3D  model  can  increase  the  accuracy.  We  have  given  some  implementation  notes  about  such  model  (AIM). 
Results  will  be  shown  at  the  conference. 


Fig.  6:  Full  2D  electric  field  model  geometry. 
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Measurements/estimation  comparison 


Measurements/estimation  comparison 


Fig.  7:  Comparison  between  flat  terrain  and  full  2D  model  results.  Two  different  transverse  sections 
respect  to  the  power  line  are  considered.  The  number  in  the  legends  refers  to  the  quote  of  the  test  point. 
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Abstract:  The  IEEE  /  ISO  1 1073  RF  wireless  series  of  standards  provides  an  overview  and  analysis  of  the  issues 
related  to  the  use  of  radio  frequency  (RF)  wireless  technology  for  the  transport  of  data  both  to  and  from  point-of- 
care  (PoC)  medical  devices.  Currently,  several  different  RF  wireless  technologies  exist  that  might  be  applicable, 
each  with  different  capabilities,  stages  of  maturity  in  terms  of  standardization,  and  active  implementation  in 
medical  devices  and  healthcare  facilities.  It  is  recognized  that  RF  technologies  are  rapidly  evolving,  and  new 
options  may  become  available  (or  sufficiently  established)  in  the  near  future  offering  additional  (perhaps 
superior)  solutions  for  PoC  medical  device  data  transport  needs.  Therefore,  the  IEEE  /  ISO  11073  RF  wireless 
series  of  standards  avoids  being  overly  prescriptive  but  instead  aims  to  assist  end  users  in  identifying  the 
necessary  requirements  and  considerations  to  select  an  appropriate  RF  wireless  technology  solution.  Guidance  is 
offered  with  the  objective  of  allowing  medical  device  manufacturers,  wireless  equipment  manufacturers, 
healthcare  providers,  government  agencies  and  any  other  stakeholders  to  make  reasonable  judgments  regarding 
the  performance  and  practical  implementation  of  wireless  solutions. 

Introduction:  Incorporation  of  wireless  technology  into  point  of  care  (PoC)  medical  devices  has  the  potential  to 
offer  significant  benefits  to  healthcare,  specifically  home-  and  mobile-  based  disease  management.  An  initial 
IEEE  /  ISO  11073-30500  Framework  and  Overview  standard  outlines  use  case  scenarios  to  estimate,  compare, 
and  contrast  the  performance  of  known  technologies  operating  on  personal  area  (wPAN),  local  area  (wLAN), 
metropolitan  area  (wMAN),  regional  area  (wRAN),  and  wide  area  (wWAN)  networks.  Major  considerations  in 
evaluating  performance  are  1)  the  physical  requirements  of  data  transport,  2)  the  quality  of  service  (QoS) 
requirements  associated  with  the  data  being  transported,  and  3)  the  capabilities  of  the  wireless  system.  Also 
considered  are  related  issues  such  as  network  architecture,  EMI/EMC,  co-existence  with  other  data  streams, 
security,  cost,  power  consumption,  and  technology  configurability.  Such  comparisons  are  not  necessarily 
intended  to  endorse  an  optimal  solution,  because  widely  different  needs,  resources,  sizes,  and  environments 
associated  with  healthcare  facilities  may  have  a  large  influence  on  determining  appropriate  solutions. 

Understanding  how  these  wireless  technologies  support  different  quality  of  service  (QoS)  requirements 
(reliability,  latency,  priority,  bandwidth)  and  how  transmit  power,  link  range,  battery  life  and  other  characteristic 
features  are  related  to  performance  is  essential  [Figure  1].  Optimal  performance  will  largely  depend  upon  the 
criticality  of  the  medical  data  and  the  specific  needs  and  resources  of  the  end  user.  Related  issues  include 
network  architecture,  EMI/EMC,  co-existence  with  other  data  streams,  security,  cost,  and  technology 
configurability. 
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Figure  1.  General  Overview  of  Wireless  Technology  Categories 


f  values  can  vary  significantly  based  upon  supported  data  rate  and  RF  environment 

§  values  can  vary  significantly  based  upon  signal,  traffic,  and  network  design 

$  values  can  very  significantly  based  upon  use  case,  activity,  transmit  duty  cycle,  and  battery  source 


Quality  of  Service  (QoS)  requirements  for  medical  data  [Table  1]  are  defined  in  terms  of  reliability,  latency, 
priority,  and  bandwidth.  The  ability  of  a  wireless  technology  to  provide  necessary  service  to  medical  data  in  this 
context  would  define  its  QoS  support.  A  variety  of  different  medical  devices  exist  within  any  given  healthcare 
facility,  with  medical  data  streams  having  different  levels  of  criticality.  While  some  may  be  good  candidates  for 
wireless  chip  sets,  others  may  perform  better  on  conventional  wired  systems.  This  distinction  may  not  be 
intuitively  obvious  to  medical  device  and  wireless  manufacturers  or  end  users  without  careful  consideration  of  a 
complex  set  of  variables.  Several  other  considerations,  namely  increased  benefits  of  mobility  of  both  patients  and 
healthcare  staff,  must  also  be  considered.  It  is  entirely  possible  that  the  added  benefits  outweigh  certain 
reductions  in  QoS  support. 
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Table  1.  QoS  requirements  for  different  categories  of  medical  device  data 


Data  Type 

Reliability 

Latency 

Priority 

Bandwidth 

Alanns  /  Alerts 

++++ 

<  250-500  ms 

++++ 

+  (64  bytes/alarm) 

(Real-Time) 

[AAMI  EC- 
1 3  -  onset 
of  asystole 
to  alann 
report] 

[<  10  sec  to  central  station; 
AAMI  EC-13 -onset  of 
asystole,  bradycardia  or 
tachycardia  to  alann] 

<  3  s  communication  latency 

[intennittent] 

Positional  alert 

(Real-Time) 

++++ 

<  3  s  communication  latency 

++++ 

64  bytes  /alert  [intermittent] 

(data  is  per  sensor) 

Patient  state 
change  (Real- 
Time) 

++++ 

<  3  s  communication  latency 

++ 

64  bytes/  state  change  [intermittent] 
(data  is  per  sensor) 

Sensor  watch 
dog  /  heartbeat 

++++ 

<  1  min  communication 
latency;  ~  1  time  per  hour 

++ 

64  bytes/  state  change  [intermittent] 

Reminder 

(Real-Time) 

++++ 

<  3  s  to  receive  from  health  care 
system 

++ 

1 632bytes/reminder  [intennittent] 

Waveforms 

(Real-Time) 

+++ 

<  300  ms  (e.g.,  during  balloon 

pump  in  OR  /  ICU) 

<  3  s  to  central  station 

<  7  s  for  telemetry  to  in-room 

monitor 

+++ 

+++  [continuous] 

EEG:  120-4000+ bit/s  (3-12  channels  / 
minimal,  monitoring,  diagnostic) 

EEG:  120-250  bit/s 

(minimal,  upper-end,  BIS™) 

Ventilator:  50  -  60  bit/s 

Sp02:  50  -  120  bit/s 

Video/Audio 

(Real-Time) 

+++ 

<  300  ms 

++ 

4Mbit/s  (Bi-directional  MPEG2 
encoded  320X240  @30fps  or  640X480 
@30fps  audio/video  streams) 

20Mbit/s  (Bi-directional  HDTV 
MPEG-4  video  stream;  80kbit/s  for 
VoIP) 

Physiologic 

Parameters 

(Real-Time) 

[e.g.,  episodic 
bp,  hr,  Sp02, 
ETCO2,  temp] 

+++ 

<  10  s  to  central  station 

<  3  s  communication  latency 
from  nurse  to  clinician 

+++ 

+ 

(20  bytes/param  at  1/2  to  1  to  5  Hz) 
[episodic] 

Non-Real-Time 

Parameters 

+++ 

<  1 5  s  time  critical  PoCT 

<  60  s  otherwise  (CLSI  PoCTl- 

A) 

<  60  minutes  for  time-stamped, 

non  time-critical  items 

++ 

600  bytes/measurement  (CLSI  PoCTl- 
A  DML) 

Non-Real-Time 

Events 

+++ 

<  3  s  in  room 

<  5  s  to  central  station 

++ 

+ 

[intennittent] 
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Control/Settings 

+++ 

<  3  s  in  room 

<  5  s  to  central  station 

+++ 

+ 

[manual] 

History  / 

++ 

<  5  s  pushing 

+ 

+++ 

archive  retrieval 

<  5  s  pulling 

[manual,  bursty] 

Web  Browsing 

++ 

<  5  s  pushing 

+ 

+++ 

<  5  s  pulling 

[manual,  bursty] 

In  order  to  address  the  use  of  wireless  technology  in  healthcare,  realistic  use  case  scenarios  have  been  developed 
to  allow  visual  navigation  of  relevant  issues  involving  QoS  requirements  and  support  [Figure  2],  These  use  cases 
represent  a  broad  range  of  typical  hospital-,  home-,  and  mobile-  healthcare  scenarios  ranging  in  degree  of 
criticality  and  complexity. 


Figure  2.  Use  case  topological  overview 
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Medical  data  will  often  traverse  several  wireless  links  en  route  to  the  end  server  /  healthcare  professional, 
topological  considerations  that  take  different  systems  into  account  are  necessary  [Figure  3].  This  example 
focuses  on  in-hospital  IEEE  802.11  and  IEEE  802.15  standards.  Other  hospital-,  home-,  or  mobile-scenarios 
were  not  included  to  avoid  complexity. 
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Figure  3.  Topology  Architecture 


requires  adaptation  for  IEEE  002. 3af  (PoE) 


Device  "client”  bridging 


As  medical  devices  become  wirelessly  enabled,  the  definition  of  a  “medical  device”  becomes  ambiguous.  IEEE  / 
ISO  11073  standards  subdivide  different  stages  of  medical  data  transport  [Figure  4]  to  offer  some  clarification 
for  future  assessment  and  regulation.  Traditional  definitions  of  the  US-FDA 

[http://www.fda.gov/cdrh/devadvice/312.html]  and  UK-MHRA  [http://www.mhra.gov.uk/]  generally  define 
MDs  as  products  placed  on  market  for  patient  health  /  safety  that  undergo  regulatory  approval  (i.e.,  CE  mark  in 
the  EU,  FDA  approval  in  the  US)  and  do  not  address  transport  of  information  across  wireless  links  or  networks. 
In  the  broadest  sense,  a  wireless  MD  might  also  include  the  host  (e.g.,  data  collection  unit,  server,  nurse  station) 
and  the  wireless  links  (e.g.,  IEEE  802. llx,  IEEE  802.15.x,  IEEE  802.16™,  telecomm  network,  IEEE  802.3). 


Figure  4.  Stages  of  wireless  medical  devices 
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Summary:  Proposed,  ongoing,  and  completed  IEEE  /  ISO  11073  RF  Wireless  Standards  [Table  2]  will  offer 
guidance  to  healthcare  providers,  medical  device  manufacturers  /  vendors,  wireless  equipment  manufacturers  / 
vendors,  and  relevant  agency  groups  for  the  use  wireless  technologies  for  medical  data  transport.  It  is  a  goal  of 
this  standards  activity  to  define  optimal  wireless  profiles  and  promote  plug-and-play  operability  between 
commercially  available  medical  devices  and  wireless  systems.  The  effort  primarily  considers  wireless 
technologies  having  physical  layer  protocols  defined  by  industry  standards  (i.e.,  IEEE,  ISO,  ANSI,  ITU-R,  ITU- 
T).  Compatibility  between  data  exchange  formats  and  upper  layer  protocols  is  also  an  objective  to  facilitate 
efficient  plug-and-play  interfacing  and  information  exchange. 

Table  2.  IEEE  /  ISO  11073  RF  Wireless  family  of  standards  (those  in  bold  are  actively  in  development) 


IEEE 

Project 

Scope 

Purpose 

IEEE 

PI  1073- 
10101 

Nomencature 

numeric  codes  that  identify  items  communicated  between  systems;  partitioned 
code  set  that  can  be  use  din  HL7  messages 

IEEE 

PI  1073- 
10201 

Domain  Information 
Model  (DIM) 

Object  oriented  model:  objects,  attributes,  and  methods;  all  objects  specified  in 
ASN.l  notation 

IEEE 

PI  1073- 
20000 

Application  profile  - 
Framework  and 
overview 

Scope  and  purpose  for  application  profile  standards  -  sets  and  establishes 
structure  for  each  of  the  component  documents. 

IEEE 

PI  1073- 
20400 

Application  profile  - 
Network  service  - 
Framework  and 
overview 

Describes  the  role  and  types  of  network  services  contained  within  this  subset, 
including  their  support  of  transport-specific  technologies.  This  includes  key 
capabilities  such  as: 

-Compatibility  with  IEEE  1073  transport  profiles  for  wPAN,  wLAN,  wMAN, 
wWAN 

-Consistent  with  QoS  outlined  in  IEEE  802.1  le 

IEEE 

PI  1073- 
20400 

Application  profile  - 
Network  service  - 
Framework  and 
overview 

Describes  the  role  and  types  of  network  services  contained  within  this  subset, 
including  their  support  of  transport-specific  technologies.  This  includes  key 
capabilities  such  as: 

-Consistent  with  QoS  outlined  in  IEEE  802.1  le 

-Compatibility  with  IEEE  1073  transport  profiles  for  wPAN,  wLAN,  wMAN, 
wWAN 

IEEE 

PI  1073- 
20401 

Application  profile  - 
Network  service  - 
Directory 

Find  and  bind  services  and  systems  on  the  network  (e.g.,  a  manager  for  a 
specific  class  of  devices  such  as  PoCT  manager  for  manufacturer  X’s  devices) 

IEEE 

PI  1073- 
20402 

Application  profile  - 
Network  service  - 
Quality  of  service 
(QoS)  management 

Provides  a  transport-neutral  model  for  application  level  management  of  QoS 
capabilities.  This  includes  detecting  the  QoS  provided  by  an  associated 
transport  profile,  as  well  as  setting  desired  QoS  parameters  to  be  negotiated 
when  a  connection  is  established. 

IEEE 

PI  1073- 
20403 

Application  profile  - 
Network  services  - 
Location 

Patient  location,  asset  tracking,  staff  location  and  tracking  [throughout  supply 
chain  (management)  so  not  counterfeit,  correct  amount,  etc.] 

IEEE 

PI  1073- 
20404 

Application  profile  - 
Network  services  - 
Identification 

Patient  ID,  pharmacy  ID,  supply  chain,  RFID 

IEEE 

PI  1073- 
20500 

Application  profile  - 
Security  -  Framework 
and  overview 

Overview  of  issues  and  strategy  for  addressing  security  issues  to  support  plug- 
and-play  medical  device  communication;  inch  security  capabilities  esp.  to 
support  patient  demographics  data  communication3  consistent  /  compatible 
with  IEEE  802.1  li  and  HL7  (1073.6.1.1) 
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IEEE 

Pi  1073- 
00101 

Technical  Report 

Guidelines  and  foundation  for  RF  wireless  transport  profiles 

IEEE 

PI  1073- 

30400 

Transport  profile  - 
Internet  protocol  (IP) 
[based] 

Profile  the  application  of  IP  technologies  for  use  in  medical  device 
communication,  compatible  with  IEEE  1073-based  Ethernet  or  wPAN, 
wLAN,  wMAN,  wWAN  profiles,  including  vLAN,  IP,  medical  session, 

QoS,  security,  UDP,  TCP,  multicast  discovery,  addressing  characters, 
wired  to  wireless  infrastructure,  etc. 

IEEE 

PI  1073- 
30500 

Transport  profile  - 
RF  wireless  - 
Framework  and 
Overview 

Presents  the  unique  concerns  and  requirements  relating  to  the  use  of  RF 
wireless  technologies  for  PoC  medical  device  communication.  Unique  use 
cases  addressed  by  RF  wireless  networks;  links  to  guidelines  doc 

1073.0.0.1 

IEEE 

PI  1073- 
30501 

Transport  profile  -  RF 
wireless  -  Personal 
area  networks 
(wPAN),  Low-rate 

Profile  IEEE  802-series  standards  appropriate  for  low-rate  PoC  medical  device 
data  transport  over  short  link  distances  (i.e.,  personal  area  networks). 

[802. 15. 14  Bluetooth,  802.15.44  ZigBee] 

IEEE 

PI  1073- 
30502 

Transport  profile  -  RF 
wireless  -  Personal 
area  networks 
(wPAN),  High-rate 

Profile  IEEE  802-series  standards  appropriate  for  high-rate  PoC  medical 
device  data  transport  over  short  link  distances  (i.e.,  personal  area  networks); 
Ultra  wide  band  (UWB)  [802.15.3a4] 

IEEE 

PI  1073- 
30503 

Transport  profile  - 
RF  wireless  -  Local 
area  networks 
(wLAN) 

Profile  IEEE  802-series  standards  appropriate  for  high-rate  PoC  medical 
device  data  transport  over  in-building  networks  involving  several  patient 
areas  (i.e., 802. 11a4,  802.11b4,  802. llg  ,  802. lln4  [data  prioritization], 

802.1  li4  [encrypted  transmission  to  improve  security] 

IEEE 

PI  1073- 
30504 

Transport  profile  -  RF 
wireless  - 
Metropolitan  area 
networks  (wMAN) 

Profile  IEEE  802-series  standards  appropriate  for  high-rate  PoC  medical 
device  data  transport  over  large  regional  areas  (i.e.,  metropolitan  area 
networks)  /  Broadband  /  certain  UWB  technologies 

IEEE 

PI  1073- 
30505 

Transport  profile  - 
RF  wireless  -  Wide 
area  networks 
(wWAN) 

Profile  existing  licensed  telecommunication  standards  appropriate  for 

PoC  medical  device  data  transport  over  large  /  regional  distances  (i.e., 
wide  area  networks)  /  mobile  phones  (2G  [GSM,  CDMA,  iDEN]  and  3G 
[UMTS,  CDMA2000]) 

IEEE 

PI  1073- 
30506 

RF  Integrated 
Transports] 

Profile  above  standards  for  integrated  (e.g.,  WLAN  /  WPAN,  WPAN  / 

WWAN)  data  communication 

IEEE 

PI  1073- 
30507 

Transport  profile  -  RF 
wireless  -  Mesh 
networks 

Profile  IEEE  (802.1  Is4,  802. 1 5. 54)  standards  appropriate  for  low  to  medium- 
rate  PoC  medical  device  data  transport  over  large  /  regional  distances 
operating  via  multiple  node  relays  (i.e.,  mesh  networks) 

IEEE 

PI  1073- 
30508 

Transport  profile  -  RF 
wireless  -  Wireless 
medical  telemetry 
service  (WMTS) 

Profile  future  (IEEE  802-series,  other)  standards  appropriate  for  PoC  medical 
device  data  transport  developed  or  modified  for  operation  on  WMTS  bands 
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The  RF  coupling  potential  of  medium-power  UHF  personal  radios  operating  in  close  proximity  to  wire  framed 
spectacles  was  quantified  in  a  scenario  where  the  recommended  minimum  body-radio  separation  is  not 
respected. 

A  custom  and  flexible  FDTD  simulator  written  in  ‘C’  (COCA:  Code  for  Coupled  Antennas)  was  used  for 
analysis,  with  a  2  mm  atomically  realistic  adult  head  model  truncated  at  the  shoulders.  The  effects  of  radio 
orientation  and  spectacle  shape  (circular/square)  on  the  polar  pattern,  induced  current  profile  and  SAR 
distribution  was  investigated.  The  undesirable  effects  of  analysing  tilted  wire  elements  using  the  Yee  algorithm 
were  overcome  by  applying  Dey-Mittra  special  update  equations.  The  peak  1  g  SAR  was  situated  in  the  nasal 
bone  region,  due  to  localised  parasitic-conductor  contact  at  the  bridge  of  the  nose.  This  parameter  was  spectacle- 
shape  dependent,  as  demonstrated  by  SAR  values  that  were  70  %  (rectangular  frame)  and  174  %  (semi-rimless) 
greater  than  in  the  isolated  (clean  head)  case  of  3.98  W/kg,  for  a  personal  radio  input  power  of  1  W.  Partial  eye 
screening  occurred  when  both  sets  of  conducting  frames  were  in  place.  A  maximum  coupled  current  of  16  mA 
was  computed  in  the  semi-rimless  frames. 

Introduction 

Personal  radios,  transmitting  in  the  lower  UF1F  range  (435  MHz),  have  been  identified  as  primary  sources  of 
interference  when  functioning  in  close  proximity  to  body  worn  conductors  (e.g.  electronic  sensing  devices 
[  1  ] [2]).  Similar  effects  can  also  be  expected  when  a  PR  is  operated  close  to  the  head,  with  the  user  wearing  wire 
framed  spectacles  [3] [4],  whereby  the  minimum  body-radio  separation  of  2.5  cm  recommended  by  a  range  of 
manufacturers  is  not  respected,  thus  placing  the  transmitting  antenna  very  close  to  the  face  and  eyes.  This  is  of 
concern  as  the  eyes  are  particularly  sensitive  organs  due  to  their  proximity  to  the  surface  of  the  head,  their 
tendency  to  accumulate  damage  and  cellular  debris  [5],  as  well  as  a  limited  ability  to  dissipate  heat  [6]  due  to 
relatively  low  levels  of  blood  flow  compared  to  other  regions  of  the  body. 

To  date,  research  into  radiation  effects  in  the  presence  of  spectacles  has  been  performed  numerically  for  a  cell¬ 
phone  [7],  Personal  Digital  Assistant  applications  [8] [9],  and  by  measurement  [6][  10],  The  literature  shows  re¬ 
radiation  effects  [3]  along  with  a  rise  in  peak  head  SAR  [3][8][9],  in  addition  to  frequency  and  spectacle-shape 
dependence  of  the  average  SAR  in  the  eyes  [8][9]. 

The  objective  of  this  work  was  to  investigate  the  effects  of  a  hand  held  450  MHz  radio  fitted  with  a  X/4 
monopole  operated  in  front  of  the  face  (Figure  la),  with  a  self-developed  FDTD  program  (COCA),  by 
computing  the  antenna’s  input  impedance,  radiation  pattern  and  SAR.  These  parameters  were  contrasted  to  the 
case  when  the  PR  user  wore  full  wire-framed  spectacles  with  rectangular  lenses.  Dey-Mittra’s  contour  path 
model  was  implemented  in  COCA,  enabling  the  typical  practical  scenario  of  a  PR  tilted  by  45°  (Figure  lb)  to  be 
scrutinised.  Finally,  COCA  was  employed  to  compute  the  currents  induced  in  a  semi -rimless  spectacle  frame 
fitted  with  circular  lenses  (Figure  1  c  &  d). 
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Figure  1:  Anterior-head  radio  /  monopole  system  (vertical  &  tilted),  with  wrapped  hand.  In  a)  and  b)  the 
spectacle  frame  is  166  mm  (0.241  X)  wide,  with  122  mm  (0. 177  A.)  legs  and  lens  apertures  68  mm  x  40  mm  (0. 1 
X  x  0.06  A).  Cases  c)  and  d)  have  semi-rimless  spectacles,  with  152  mm  (0.22  X)  legs  and  a  lens  diameter  of  68 

mm. 


Methodology 

The  FDTD  computations  were  performed  in  a  2  mm  grid,  using  the  Brooks  anatomically  realistic  phantom  [11] 
truncated  to  the  head  and  shoulders.  The  dielectric  properties  of  the  21  distinct  tissue  types  used  (Table  2)  were 
computed  at  450  MHz,  using  a  public  domain  computer  program1  based  on  published  4-Cole-Cole  parameters 
[12].  The  phantom  was  adapted  by  removing  the  normally  closed  eyelids,  so  as  to  leave  the  eyes  exposed  as  in 
normal  radio  use  and  to  investigate  the  worst-case  scenario  at  the  frequency  of  interest  [8] [9] . 


1  http://niremf.ifac.cnr.it/cgi-bin/tissprop/htmlclie/uniquery 
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Figure  2:  Horizontal  section  showing  relative  (rectangular  lens)  frame,  antenna,  radio  and  hand  positioning. 

The  PEC  box  representing  the  handset  was  coated  in  a  loss-less  2  mm  insulating  layer  with  sr  =  2.  The  a/4 
monopole,  made  from  2  mm  diameter  wire,  was  corner-located  on  the  top  surface  of  the  radio,  on  the  edge 
nearest  the  head  (4  mm)  to  mimic  worst-case  operational  conditions  (Figure  2).  The  hand  was  modelled  as  a  4 
mm  core  of  bone  surrounded  by  a  6  mm  layer  of  muscle  and  a  2  mm  coating  of  skin,  covering  all  three  sides  of 
the  handset.  The  antenna  was  initially  length-adjusted  for  resonance  in  isolation.  Table  1. 


Table  1:  Input  impedance  of  a  vertical  and  tilted  PR  monopole  in  free  space. 


Vertical  PR 

Tilted  PR 

COCA 

74.3 1+j  1 .58  Q 

7 1. 69- j  1.1 7  Q 

Table  2:  Tissue  dielectric  properties  at  450  MHz. 


Material 

Conductivity  o  (Sm1) 

Relative  permittivity  e, 

Blood 

1.37 

63.7 

Blood  vessel 

0.57 

46.6 

Bone  cancellous 

0.24 

22.2 

Bone  cortical 

0.09 

13 

Bone  marrow 

0.03 

5.6 

Brain  grey  matter 

0.76 

56.5 

Brain  white  matter 

0.46 

41.5 

Cartilage 

0.6 

45 

Cerebellum 

1.05 

54.7 

Cerebro  spinal  fluid 

2.26 

70.5 

Cornea 

1.21 

58.5 

Eye  sclera 

1.02 

57.2 

Fat 

0.04 

5.5 

Lens 

0.68 

47.8 

Ligament 

0.57 

47 

Lymph 

0.89 

61.23 

Mucous  membrane 

0.69 

49.2 

Muscle 

0.8 

56.7 

Nerve 

0.46 

34.9 

Skin  (dermis) 

0.71 

45.7 

Vitreous  humor 

1.54 

69 
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The  conducting  spectacle  frame  consisted  of  2  mm  square-section  PEC:  this  was  positioned  for  normal  wear, 
terminating  behind  the  ears.  Loss-less  optical-glass  lenses  with  sr  =  7.75  were  fitted.  The  only  body  surface 
contact  made  by  the  frame  was  at  the  top  of  the  nose  and  near  the  ears,  with  a  separation  of  2  mm  (1  Yee  cell) 
representing  worst-case  conditions. 

Polar  pattern  alteration 

At  450  MHz  the  human  body  acts  primarily  as  a  reflector;  the  low  impedance  presented  to  the  wave  by  the  body 
reduces  the  electric  field  nearby,  whilst  increasing  the  magnetic  field.  For  antenna-body  distances  greater  than 
T./4  from  the  transmitter,  a  high  impedance  is  presented  to  the  approaching  wavefront,  which  enhances  the 
electric  field  at  the  same  time  as  the  magnetic  field  is  reduced.  At  the  far  side  of  the  body,  away  from  the 
antenna,  there  is  a  deep  null  caused  by  power  absorbed  in  tissue  [13].  Because  of  the  dominance  of  the  magnetic 
field  between  the  monopole  and  the  frames,  magnetic  coupling  occurs.  This  in  turn  causes  an  electric  current  to 
flow  on  the  frames,  which  results  in  an  increased  electric  field  in  their  vicinity:  the  wire  reradiates  and  the  polar 
pattern  changes. 

In  all  cases  studied,  the  radio  is  offset  from  the  centre  of  the  face.  This  results  in  asymmetric  polar  patterns  as 
energy  is  absorbed  in  the  head;  see  the  deep  null  in  Figure  3a).  Both  backward  gains  are  enhanced  by  re¬ 
radiation  from  the  spectacles:  this  effectively  reduces  null  depths.  The  addition  of  either  spectacle  frame 
improves  the  forward  gain  and  highlights  the  re-radiation  due  to  induced  currents.  Tilting  the  handset  has  the 
effect  of  rotating  the  radiation  pattern:  Figure  3  b).  Nulls  appear  both  at  the  front  and  back  of  the  head,  but  in  the 
latter  case  are  less  pronounced  than  previously.  The  frontal  null  is  created  due  to  power  absorbed  in  the  nose. 
The  increased  forward  gain  was  more  noticeable  with  the  square  spectacles. 


a) 


o 

34035L»T--A°  20 
330YT  Ul/  7\30 


180 


—Vertical  PR  no 
spectacles 


-  -  Vertical  PR 

rectangular 

spectacles 

—  •  vertical  PR 
semi-circular 
spectacles 


b) 


0 


— tilted  PR  no 
spectacles 

-  -  tilted  PR 

rectangular 

spectacles 

—  tilted  PR 
semi-circular 
spectacles 


Figure  3:  E®  vertical  far  field  patterns,  with  and  without  spectacles,  for  a)  vertical  and  b)  tilted  personal  radios. 

Vertical  PR  SAR  results 


Computed  SAR  values  were  all  scaled  for  an  antenna  input  power  of  1  W,  and  are  summarised  in  Table  3.  When 
the  radio  is  beside  the  ‘clean’  phantom  head  there  is  detuning:  the  input  resistance  falls  to  66.1  Q  and  the 
reactance  becomes  capacitive,  at  -j0.72  Q.  With  spectacles,  the  input  resistance  decreases  further  to  65.4  Q,  and 
the  reactance  becomes  inductive. 


269 


A.  D.  BALL,  N.  E.  EVANS,  W.  G.  SCANLON,  S.  J.  BURGESS  and  J.  McLAUGHLIN 


Table  3:  Computed  input  impedance  and  peak  SAR  in  the  head  and  eyes  in  the  cases  of  a  vertical  and  tilted  PR 
proximal  to  the  head.  SAR  levels  were  normalised  against  1  W  transmitter  output  power. 


Vertical  PR 

Tilted  PR 

Without 

spectacles 

With 

rectangular 

lenses 

With 

semi¬ 

rimless 

lenses 

Without 

spectacles 

With 

rectangular 

lenses 

With  semi¬ 
rimless 
circular 
lenses 

Input 

impedance 

(U) 

66.1-j0.72 

65.4+jl.4 

64. 36-jO. 7 

68.73-j9.41 

68.94-j6.4 

72.82-t-j8.83 

Peak  head 
SAR 

(W/kg) 

Eg 

3.98 

6.77 

10.89 

3.31 

8.53 

5.38 

10-g 

2.65 

2.75 

2.89 

2.14 

2.41 

2.22 

1-g  peak  eye 
SAR 

(W/kg) 

Right 

1.16 

0.7 

0.79 

0.23 

0.14 

0.22 

Left 

0.35 

0.31 

0.35 

1.01 

0.51 

1.08 

Figure  4  shows  the  SAR  profiles  in  the  relevant  vertical  head  sections,  with  0  dB  corresponding  to  maximum 
power  dissipation  in  each  case.  For  1  g  mass  averaged  SAR,  the  displacement  of  the  hotspot  in  each  instance  is 
evident.  Without  spectacles  the  maximum  SAR  in  the  head  was  3.98  W/kg;  this  occurred  in  the  muscle 
(oribicularis  oris )  between  the  oral  and  nasal  cavities,  at  a  tissue  depth  of  12  mm  and  in  a  vertical  plane 
displaced  4  mm  towards  the  antenna  from  the  head’s  midline  axis.  With  the  rectangular-framed  spectacles, 
energy  absorption  is  more  spread  out  over  the  nose,  with  a  peak  1  g  SAR  of  6.77  W/kg  (a  rise  of  70  %),  in  the 
nasal  bone  region  (nasalis)  at  4  mm  deep  in  the  midline  plane,  due  to  localised  parasitic-conductor  contact  at  the 
bridge  of  the  nose.  In  [8]  and  [9],  it  is  reported  that  SAR  is  dependent  on  the  shape  and  size  of  the  wearer’s 
spectacles.  Similarly  here,  the  SAR  with  semi-rimless  spectacles  is  concentrated  at  the  upper  and  lower 
extremities  of  the  nose,  rising  to  10.89  W/kg,  an  increase  of  174  %  and  61  %  compared  to  the  isolated  and 
rectangular-framed  cases,  respectively.  Unsurprisingly,  for  a  higher  averaging  tissue  mass  of  10  g,  the  peak 
SAR  without  spectacles  was  lower  at  2.65  W/kg.  Increases  still  occurred  in  the  nasal  region  (though  not  as 
significant),  up  3.77  %  to  2.75  W/kg  with  the  rectangular  frames,  and  9.1%  to  2.89  W/kg  with  the  semi-circular. 
The  human  head  is  a  complex,  highly  detailed  organ;  indeed  the  human  eye  or  pinna/external  ear  have  masses 
of  as  little  as  10  g  [14].  Furthermore,  certain  cells  or  neurons  in  the  brain  can  be  misrepresented  by  1  g  of  tissue 
[14].  An  8  mm3  Yee  grid  is  employed  here,  which  could  explain  the  relatively  high  1  g  semi-circular  spectacle 
SAR  result.  This  suggests  that  the  peak  1  g  SAR  is  associated  with  a  single  hot-spot  rather  than  a  general 
increase  in  SAR  values  within  the  user’s  head. 
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Figure  4:  1  g  mass  averaged  SAR  for  a  vertically-oriented  PR  beside  head  a)  clean  b)  with  rectangular-framed 

spectacles  and  c)  with  semi-circular  frames. 


Eye  SARs  were  computed  to  establish  conditions  in  this  particularly  sensitive  body  tissue.  With  the  antenna 
passing  30  mm  from  the  right  eye,  and  without  spectacles,  the  1-g  peak  SAR  was  1.16  W/kg.  For  the  left  eye, 
80  mm  from  the  antenna,  the  corresponding  value  was  more  than  70  %  lower  (0.35  W/kg).  Partial  eye  screening 
occurred  when  both  sets  of  conducting  frames  were  in  place;  the  1-g  SAR  fell  by  40  %  in  the  right  eye  and  1 1.4 
%  in  the  left  with  the  rectangular  frames  in  use,  as  noted  in  Table  3.  A  similar  phenomenon  occurred  with  the 
semi-circular  frames,  with  a  32  %  SAR  reduction  in  the  right  eye  and  an  unchanged  SAR  in  the  left.  All 
reported  SARs  were  computed  for  a  CW  excitation,  which  implies  that  they  would  be  further  reduced  if  realistic 
TDMA  duty  cycles  were  taken  into  account:  consequently,  they  are  well  within  the  IEEE  guidelines  for 
occupational  users.  SAR  is,  however,  proportional  to  the  antenna  input  power,  which  implies  that  if  transmitter 
output  level  rises  (a  current  trend  in  PR  design  as  hardware  improves)  then  safety  limits  are  likely  to  be 
exceeded. 

Tilted  PR  SAR  results 

Flere,  the  PR  was  tilted  by  45°,  as  illustrated  in  Figure  lb.  Rotating  the  radio  caused  the  free  space  input 
resistance  to  decrease  by  4.12  %.  Flowever,  turning  the  handset  had  a  more  noticeable  effect  on  the  input 
reactance,  as  it  became  more  capacitive  -  see  Table  3. 

Placing  the  spectacles  on  the  phantom  caused  both  the  input  resistance  and  reactance  to  increase  positively. 
Inclination  of  the  radio  caused  the  frame-free  1  and  10  g  SARs  to  be  17  %  and  19  %  lower  than  in  the  vertical 
PR  case,  respectively,  at  3.31  and  2.14  W/kg.  The  peak  lg  SAR  in  the  eye  was  situated  close  to  the  monopole’s 
feedpoint,  in  the  left  eye  (1.01  W/kg).  Both  peak  eye  SARs  without  spectacles  were  less  than,  or  equal  to,  those 
with  frames  and  the  vertical  radio.  The  1  g  mass  averaged  SAR  profdes  with  and  without  spectacles  are 
presented  in  Figure  5. 


Figure  5:  1  g  mass  averaged  SAR  for  a  tilted  PR  close  to  head  a)  ‘clean’  b)  with  a  rectangular  frame  and  c)  with 

semi-rimless  circular  lenses. 
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As  with  the  vertical  PR,  the  SAR  hotspot  without  spectacles  is  situated  between  the  oral  and  nasal  cavities.  With 
rectangular-framed  spectacles,  a  second  very  distinctive  concentration  is  generated  at  the  top  of  the  nasal  bone 
region.  There  is  less  SAR  ‘spread’  than  in  the  corresponding  vertical  PR  case  (Figure  5b).  For  semi-circular 
frames,  substantial  SAR  spreading  is  again  evident. 

With  the  rectangular  frames  the  eyes  were  partially  screened,  as  substantiated  by  the  50%  reduction  of  the  SAR 
in  the  eye  nearest  the  antenna,  and  39  %  decrease  in  the  other.  Flowever,  only  marginal  changes  occurred  in  the 
case  of  the  semi-circular  frames:  SAR  in  the  left  eye  increased  by  7  %  and  decreased  in  the  right  by  4  %. 

Induced  currents 

The  induced  current  distribution  on  spectacle  frames  has  previously  been  investigated  at  1.5  GFlz  in  [7],  with  a 
mobile  telephone  radiating  1  W  close  to  the  ear  of  an  anatomically  based  head  model.  Two  different  types  of 
spectacle  frames  were  studied  -  one  with  rims  and  legs  both  metallic,  and  the  other  rimless,  with  metallic  legs 
only.  Current  profde  discontinuities  were  present  in  this  model,  where  the  nosepiece  intersected  each  lens’  outer 
contour  and  at  the  intersection  of  the  metallic  leg  and  outer  rim.  The  discussion  on  circular  frames  has  a  number 
of  similarities  with  electrically  small  loop  antennas,  which  are  equivalent  to  infinitesimal  magnetic  dipoles;  the 
current  distribution  in  loops  of  perimeter  less  than  0.3  A.  is  taken  to  be  constant  around  the  loop  [16]. 

Computing  induced  current  in  a  pair  of  spectacles  is  challenging  in  terms  of  EM  simulation,  as  this  creates  a 
number  of  discontinuities.  Because  of  this,  the  simulations  here  were  done  in  two  stages.  Firstly,  a  ‘flat’ 
spectacle  model  was  assembled  (Figure  6a),  after  which  the  legs  were  bent,  as  depicted  in  Figure  6b. 


Figure  6:  Dipole  coupled  to  a)  flat  spectacle  frame  b)  a  spectacle  frame  with  bent  legs;  in  b)  Zin=  64.4-j9.2  Q. 


This  done,  the  induced  currents  were  computed  with  COCA,  as  illustrated  in  Figure  7. 
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Figure  7:  Induced  current  in  the  top  section  of  half-rim  wire  frames  adjacent  to  a  450  MHz  dipole  (Pm  =  0.32 

W). 


The  spectacles  coupled  to  the  dipole  have  an  overall  length  of  0.6  X:  two  pseudo  standing  waves  are  generated 
that  reach  minima  at  the  outer  extremities  of  the  spectacle  legs  and  at  the  middle  of  the  nosepiece.  Two  small 
reflections  at  both  nosepiece  extremities  (T  junction)  emerge,  with  current  maxima  of  4  mA  at  the  top  of  each 
loop.  Bending  the  legs  by  90°  causes  the  induced  current  to  decrease  overall.  The  currents  computed  are 
significant,  reinforcing  the  source  of  the  increased  forward  gains  obtained. 

Finally,  the  result  of  introducing  the  phantom  head  was  investigated.  The  PR  monopole  was  corner-located  on 
the  handset  chassis  and  held  to  the  right  of  the  user’s  nose,  as  illustrated  in  Figure  2,  causing  the  radiating 
antenna  and  case  to  be  strongly  coupled  to  the  adjacent  semi-circular  lens.  On  this  basis,  the  left  lens  was 
shadowed  by  the  nose.  This  gave  a  smoother,  full  standing  wave  (Figure  8),  with  current  maxima  of  16  and  11 
mA.  The  increased  current  magnitude  is  because  of  less  detuning  in  this  case,  plus  the  majority  of  the  energy 
radiated  by  the  monopole  is  above  the  PR’s  ‘groundplane’. 


Figure  8:  Induced  current  on  semi-circular  spectacles  with  90°  legs,  coupled  to  a  vertical  450  MHz  monopole  / 
case  close  to  an  anatomically  realistic  head  (Pj„=  0.32  W). 
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Conclusions 

The  coupling  between  a  personal  radio  handset  and  the  human  head  was  investigated  at  450  MHz,  for  two 
realistic  radio  orientations,  vertical  and  tilted  by  45°.  For  each  orientation,  a  spectacle-free  phantom  was 
contrasted  to  a  model  wearing  rectangular  and  semi-circular  frames.  In  each  simulation  the  polar  pattern,  SAR 
distribution  and  induced  current  profiles  were  computed. 

Absorbed  power  levels  were  dependent  on  the  PR’s  orientation  and  on  the  shape  of  the  wire  spectacle  frames,  as 
evidenced  by  a  lg  SAR  ranging  between  3.31  and  10.89  W/kg.  In  the  instance  of  the  vertical  PR,  partial  eye 
screening  occurred  when  both  sets  of  conducting  frames  were  in  place.  This  was  only  the  case  with  the 
rectangular  frames  when  the  PR  was  tilted.  In  general,  frame-conductor  re-radiation  enhances  polar  pattern 
forward  gain  and  reduces  backward-facing  nulls. 

Magnetic  coupling  between  the  PR  and  the  semi-circular  frames  caused  a  cosine-like  standing-wave  to  be 
developed  on  the  frames,  with  unequal  maxima  on  the  right  and  left  semi-circular  loops  because  of  obstructive 
tissue  absorption. 
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Abstract 

This  paper  presents  the  computational  electromagnetic  field  (EMF)  dosimetry  inside  a  woman-torso  model, 
which  is  exposed  to  E-  and  FI -polarised  waves,  in  the  first  gestational  month  using  the  finite -difference  time- 
domain  (FDTD)  method  over  the  frequency  range  from  10  MFlz  to  3  GFlz.  First,  parametric  models  for  the  di¬ 
electric  spectrum  of  fetus  and  those  of  amniotic  fluid  are  demonstrated.  Second,  the  whole-body  average  SAR  in 
the  embryo  is  calculated,  when  the  incident  power  density  of  plane  waves  is  ICNIRP  or  IEEE  occupational  ref¬ 
erence  level.  As  a  result,  the  maximum  value  is  less  than  0.4  W/kg  (occupational  limit)  over  the  frequency  range 
from  10  MHz  to  3  GHz.  Finally,  the  internal  SAR  distributions  inside  the  torso  model  are  also  shown  at  10  MHz, 
100  MHz,  and  1  GHz.  As  a  result,  the  SAR  distribution  around  the  embryo  is  dependent  on  the  frequency  and 
polarized  wave  in  the  first  gestational  month. 

1.  Introduction 

Today  many  devices  emitting  EMFs  are  widely  used  in  the  close  vicinity  of  the  human  body.  Consequently,  the 
evaluation  of  the  specific  absorption  rate  (SAR)  in  various  models,  such  as  adults,  children,  and  pregnant  women 
and  their  fetuses  is  necessary.  Especially  the  priority  on  EMF  dosimetry  in  embryos  and  fetuses  is  growing  [1]. 

In  the  early  term  of  pregnancy,  it  could  be  possible  that  the  embryos  are  exposed  to  EMFs  when  mothers  do  not 
know  their  pregnancy  yet.  Therefore,  EMF  dosimetry  in  the  embryos  is  important. 

Until  now,  Fleming  and  Joyner  [2]  have  proposed  the  EMF  dosimetry  inside  the  embryo  in  80-100  MHz 
and  fetus  across  the  range  300-1500  MHz,  when  the  pregnant  women  are  exposed  to  plane  wave.  In  addition, 
Dimbylow  [3]  have  presented  the  EMF  dosimetry  inside  a  whole-body  pregnant  woman  and  her  developing  fe¬ 
tus  in  8-,  13-,  26-  and  38-weeks  of  gestation  at  50  MHz.  However,  the  dosimetry  inside  the  embryo  over  the 
wide  frequency  range  have  not  minutely  evaluated  yet. 

Hence,  this  paper  presents  the  computational  EMF  dosimetry  inside  a  woman-torso  model,  which  is  com¬ 
posed  by  five  types  of  tissues,  in  the  first  gestational  month,  when  the  model  is  exposed  to  E-  and  H-polarised 
waves.  Here,  the  EMF  is  calculated  using  the  FDTD  method  [4]  over  the  frequency  range  from  10  MHz  to  3 
GHz.  Furthermore,  the  incident  power  density  of  plane  waves  is  the  international  EMF  reference  revels  (IC¬ 
NIRP  [5],  IEEE  [6],  and  occupational  limit)  in  each  frequency.  Moreover,  the  internal  SAR  distributions  inside 
the  torso  model  are  also  calculated  at  10  MHz,  100  MHz,  and  1  GHz. 

2.  Models  and  method 

2.1  Dielectric  properties  of  embryo 

The  dielectric  properties  of  biological  tissues  are  very  important  parameters  for  the  EMF  dosimetry.  Gabriel  [7] 
has  proposed  parametric  models  for  the  dielectric  spectrum  of  various  types  of  tissues  using  the  summation  of  4- 
Cole-Cole  equation.  The  dielectric  properties  at  the  target  frequency  are  given  by  the  following  equation  [7]. 
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s{co)  =  sx  + 


V  Asn 


J  COE a 


(1) 


where  sx  is  the  material  permittivity  at  terahertz  frequency,  £<t  is  the  free-space  permittivity,  a,  is  the  ionic  con¬ 
ductivity,  and  Asn,  r„,  a„  are  material  parameters  for  each  dispersion  region. However,  parametric  models  of  ex¬ 
pectant  tissues,  which  are  the  amniotic  fluid,  placenta,  and  fetus  (embryo),  have  not  proposed  yet  in  [7]. 

In  fetal  tissues,  substituted  dielectric  properties  from  adult  tissues  using  the  variation  in  the  water  content 
[8]  are  usually  used  [3],  In  addition,  the  properties  of  placenta  are  about  the  same  values  of  blood,  because  the 
composition  of  the  two  is  about  the  same.  Moreover,  Luca  et  al  [9]  have  proposed  the  parametric  model  of  the 
conductivity  of  amniotic  fluid  over  the  frequency  from  1  MHz  to  1  GHz. 

Ito  et  al  [10]  have  demonstrated  the  measured  dielectric  properties  of  fetus  of  rabbit  and  those  of  amniotic 
fluid  of  human  over  the  frequency  range  from  100  MHz  to  3  GHz.  However,  their  results  cannot  apply  to  the 
other  frequency.  Therefore,  we  present  the  parametric  models  using  the  Eq.  (1),  to  expand  the  wide  frequency 
range.  Table  1  describes  the  parameters  of  amniotic  fluid  and  those  of  fetus  for  the  Eq.  (1).  These  parameters 
are  defined  using  the  simplex  method  based  on  the  differences  between  the  estimated  properties  by  Eq.  (1)  and 
measured  values  as  shown  in  Fig.  1.  The  parameters  can  realize  the  minimization  of  the  difference  between  the 
estimated  and  measured  values.  In  this  paper,  the  dielectric  properties  based  on  the  parameters  in  Table  1  are 
used  from  10  MHz  to  3  GHz. 


Table  1  Parameters  of  amniotic  fluid  and  those  of  fetus  for  the  Cole-Cole  equation 


Tissue 

Ae  i 

r  i  [PS] 

a  i 

As  2 

t2  [ns] 

«  2 

Ae3 

r3  [ps] 

a  3 

07 

A_fluid 

4 

75 

7.23 

0.14 

1.42 

Fetus 

4 

57 

8.38 

0.10 

6000 

133 

0.1 

1.20E+06 

318 

0.10 

0.12 

(a)  Amniotic  fluid  (b)  Fetus 

Fig.  1  Graphic  representation  of  dielectric  properties  of  amniotic  fluid  and  fetus  using  Eq.  (1)  and  Table  1  (line) 
together  with  the  measured  data  (dotted  line)  [10]. 


2.2  Numerical  model 

Figure  2  shows  a  woman-torso  model  in  the  first  gestational  month.  This  model  was  scaled  down  from  a 
woman-torso  model  in  the  35th  gestational  week  based  on  the  external  shape  and  magnetic  resonance  (MR)  im¬ 
ages  [11].  The  model  was  segmented  seven  different  types  of  tissues,  which  were  body,  bone,  bladder,  uterus, 
embryo,  placenta,  and  amniotic  fluid.  However,  in  the  first  gestational  month,  the  amniotic  fluid  and  placenta 
have  note  generated  yet.  Hence,  we  substituted  the  dielectric  properties  of  uterus  for  the  values  of  the  two. 


Fig.  2  Torso  model  of  woman  in  the  first  gestational  month. 
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2.3  Numerical  condition 

The  FDTD  software  (X-FDTD  ver.  6. 3. 8. 3,  by  Remcom  Engineering  AG,  PA,  USA)  was  used  for  the  EMF  cal¬ 
culating  inside  the  torso  model.  The  parameters  of  FDTD  calculation  employed  in  this  paper  were  as  follows. 
The  cell  size  was  2.5  mm.  The  numerical  region  was  190  x  150  x  413  cells  (475  x  375  x  1032.5  mm3).  In  addi¬ 
tion,  the  absorbing  boundary  condition  was  the  perfectly  matched  layer  (PML)  (eight  layers). 

Dielectric  properties  of  the  tissues,  which  were  excluding  the  fetus,  were  based  on  the  parametric  models 
in  [7].  Flere,  the  properties  of  body  was  the  2/3  those  of  muscle.  The  incident  waves  were  E-  (Ez  applied)  and 
Fl-polarized  (Ey  applied)  waves  propagating  from  the  front  to  the  back  of  the  model.  The  incident  power  density 
was  from  1  to  5  mW/cm2  (ICNIRP)  or  1  to  10  mW/cm2  (IEEE),  which  were  the  reference  levels  for  occupational 
exposure  to  EMFs  over  the  frequency  range  from  10  MHz  to  3  GHz  [5],  [6], 


3.  Results 

3.1  Whole-body  average  SAR 

Figure  3  (a)  and  3  (b)  show  the  calculated  results  of  the  whole-body  average  SAR  in  the  embryo  over  the  fre¬ 
quency  range  from  10  MHz  to  3  GHz,  when  the  incident  power  density  is  ICNIRP  or  IEEE  occupational  level, 
which  is  dependent  on  the  frequency.  From  Figs.  3  (a)  and  3  (b),  the  SARs  by  E-  and  H-polarized  waves  are  less 
than  0.4  W/kg  (occupational  limit)  from  10  MHz  to  3  GHz  in  both  incident  levels.  In  addition,  the  maximum 
value  by  the  H-polarized  wave  is  lower  than  that  by  the  E-polarized  wave  in  the  estimated  frequency  range. 
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Fig.  3  Whole-body  average  SAR  inside  the  embryo  by  the  plane  waves’  exposure  (circle:  E-polarized  wave  and 
triangle:  H-polarized  wave). 


3.2  SAR  distribution 

Figure  4  (a)  and  4  (b)  illustrate  internal  SAR  distributions  on  the  observational  line  [see  Fig.  4  (lef)]  in  the 
median  plane  of  the  torso  model  by  the  E-  or  H-polarized  wave’s  exposure  at  10  MHz,  100  MHz,  and  1  GHz. 
Here,  the  incident  power  density  was  IEEE  occupational  reference  level  in  each  frequency. 

From  Fig.  4  (a),  the  attenuation  curve  of  SAR  by  the  E-polarized  wave  at  10  MHz  is  almost  equal  to  that  at 
100  MHz  while  the  absolute  value  is  significantly  different.  At  these  frequencies,  in  addition,  the  SAR  distribu¬ 
tion  is  almost  constant  between  the  uterus  and  the  embryo  and  higher  than  the  SAR  in  the  frontal  body.  On  the 
contrary,  the  attenuation  is  abruptly  varied  by  the  standing  wave  at  1  GHz. 

As  shown  in  Fig.  4  (b),  the  attenuation  curve  of  SAR  by  the  H-polarized  wave  in  each  frequency  is  about 
the  same.  In  addition,  the  peak  SAR  is  arisen  on  the  surface  in  each  frequency.  Moreover,  the  SAR  in  the  em¬ 
bryo  and  that  in  the  uterus  are  about  the  same. 

From  Fig.  4  (a)  and  (b),  the  SAR  in  the  embryo  is  almost  continually  varied  between  the  uterus  and  the 
embryo  in  each  frequency  and  incident  wave,  because  the  embryo  is  very  small  in  the  first  gestational  month. 
These  results  suggest  that  the  layered  structure  between  the  uterus  and  embryo  is  not  necessary  to  evaluate  the 
SAR  inside  the  embryo  in  the  first  gestational  month. 
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Fig.  4  Internal  SAR  distributions  on  the  observational  line  in  the  median  plane  of  the  torso  model  by  the  plane 
wave’s  exposure  at  10  MHz  (line),  100  MHz  (dotted  line),  and  1  GHz  (dashed-dotted  line). 


4.  Conclusion 

This  paper  presented  the  computational  EMF  dosimetry  inside  the  woman-torso  model,  which  was  composed  by 
five  types  of  tissues,  in  the  first  gestational  month  using  the  FDTD  method,  when  the  model  was  exposed  to  the 
E-  and  H-polarized  plane  waves  over  the  frequency  range  from  10  MHz  to  3  GHz.  First,  the  parametric  models 
for  the  dielectric  spectrum  of  fetus  and  those  of  amniotic  fluid  were  demonstrated.  Second,  the  whole-body  av¬ 
erage  SAR  inside  the  embryo  was  calculated,  when  the  incident  power  density  of  plane  waves  was  ICN1RP  or 
IEEE  occupational  reference  level.  As  a  result,  the  maximum  value  in  the  embryo  was  less  than  0.4  W/kg  (oc¬ 
cupational  limit)  by  plane  waves’  exposure  over  the  evaluated  frequency  range.  Finally,  the  internal  SAR  distri¬ 
butions  inside  the  torso  model  were  also  shown  at  10  MHz,  100  MHz,  and  1  GHz.  As  a  result,  the  SAR  distribu¬ 
tion  around  the  embryo  was  dependent  on  the  frequency  and  polarized  wave  in  the  first  gestational  month. 

As  a  further  study,  the  same  investigation  as  above  will  be  done  using  pregnant  and  non-pregnant  women 
models,  which  is  segmented  much  different  tissues. 
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Abstract 

Coupled  closely  to  highly  absorbing  tissues,  a  source  of  electromagnetic  radiation,  such  as  cellular  or 
hyperthermia  antenna,  can  be  greatly  affected  by  the  curvature  of  the  absorbing  surface.  Herein,  our  previous  TE 
excitation  models  are  extended  as  to  incorporate  the  TM  case,  combining  an  effective  and  relatively  simple 
procedure  for  obtaining  closed-form  corrections  for  the  main  power  relations  involved  in  the  presence  of  curved- 
surface  absorbing  tissues.  The  derivation  is  introduced  by  considering  two-dimensional  prototype  models  of 
surface  and  line  magnetic-type  sources  radiating  in  the  presence  of  a  half-space  and  an  infinite  circular  cylinder. 
The  power  absorption  efficiencies  of  the  cylindrical  model  are  shown  to  be  tightly  bounded,  both  from  below 
and  above,  by  those  of  the  half-space  (planar)  models. 


Introduction 

Recently,  the  study  of  near-field  interactions  of  electromagnetic  sources  with  highly  lossy  media,  utilizing  the 
Leontovich  surface  impedance  approach  [1],  [2],  has  led  to  analytic  readily-interpretable  expressions  for  the 
main  power  relations  involved  in  such  configurations,  namely,  source  power  efficiencies  and  specific  absorption 
rate  [3], [4], [5].  These  models,  corresponding  to  a  semi-infinite  absorbing  medium  in  the  vicinity  of  either  finite 
(current  line-source)  or  infinite  (planar  current-sheet)  sources,  lead  to  an  explicit  dependence  of  the  power 
relations  on  both  the  geometrical  and  physical  parameters  and  provided  an  effective  mean  for  obtaining  physical 
insight  into  the  basic  power  absorption  mechanisms  as  well  as  tight  bounds  and  estimates  on  the  power  relations. 
In  some  realistic  configurations,  however,  such  as  cellular  phone  interaction  with  living  tissues  [6],  [7], 
electromagnetic  hyperthermia-based  treatments  [8],  [9],  and  highly-sensitive  biosensing  [10],  [11],  the  absorbing 
structure’s  curvature  effect  should  be  incorporated  into  the  model  in  order  to  render  its  implementation  effective. 

Herein,  our  previous  TE  excitation  models  [12]  are  extended  as  to  incorporate  the  TM  case,  utilizing  the 
Leontovich  surface  impedance  approach  [1],  [2],  applied  for  finite-size  two-dimensional  (2D)  cylindrical 
absorbing  medium.  The  resultant  extension  leads  to  a  discrete  Parseval’s  representation  for  the  power  relations  in 
terms  of  the  individual  cylindrical  harmonics’  (spectral)  power  content.  These  expressions  can  be  interpreted 
similarly  as  for  the  previous  (planar)  case  but  with  a  curvature  correction  term,  continuously  depending  on  the 
effective  surface  curvature  and  the  source  location.  Inclusion  of  the  curvature  correction,  whenever  applicable, 
enables  thereby  better  understanding  and  design  of  prototype  systems  involving  electromagnetic  sources  closely 
coupled  to  highly  lossy  structures. 

Methods 

The  2D  physical  configurations,  corresponding  to  the  planar  and  the  cylindrical  models,  are  depicted  in  Figs. 
1(a),  1(b)  and  Figs.  1(c),  1(d),  respectively.  Both  configurations  are  characterized  by  the  parameters  //  ,  £  ,  and 

(J  via.  q"  ,  Z q  &)Po  j  k^  /Jq  j S q  ,  CTq  0  ,  and  k^  (0 -^///|  ('.'i  , 

Z;  =  OJjUt  I =  -yj jUl/sl  ,  £x  =  £x  (l  —  jcrjcos^  where,  assuming  a  harmonic  time-dependence  e'M  , 

3{k1  }  <  0  ,  and  3-fZj  }  >  0 .  The  analysis  and  the  results  for  the  planar  model  are  well  known  [2], [3], [4],  and 
thus,  summarized  herein  merely  for  the  sake  of  comparison,  completeness,  and  clarity.  The  excitation  source 
locations  for  both  models  are  given  via  y'  =  d  (the  planar  model)  and  p'  =  a  +  d  (the  cylindrical  model), 
where  a  and  d  denote  the  cylinder  radius  and  the  sources  distance  from  the  lossy  tissues,  respectively. 
Additionally,  for  line  sources,  x'  =  0  (the  planar  model)  and  <p'  =  0  (the  cylindrical  model). 
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Figure  1:  Physical  configurations  and  models  for  the  planar  and  the  cylindrical  approaches:  (a)  Physical 
configuration,  (b)  Planar  model,  (c)  Physical  configuration  incorporating  curvature  correction,  (d)  Cylindrical 
model. 

Source  representations  in  terms  of  surface  and  line  magnetic  currents  are  denoted  by  M S  =  —M  S  Z  and 
M1  =  — M  L  Z  respectively,  and  given  in  Table  1. 


Table  1 :  Magnetic  current  sources. 


Current 

source 

Planar  model 

Cylindrical  model 

Ms 

X 

1 

j  eJ^S(p-  p’) 

2  Tip ' 

M  L 

IS(x)s(y  -  y ') 

J  S(<p)s(p  -  p') 
t o' 

The  power  relations  for  both  models,  including  radiation  power,  absorption  power,  source  power,  free  space 
source  power,  power  absorption  efficiency,  and  power  radiation  efficiency,  are  given  via 


(1) 


±-9^ 
2 


\EHlds 


y 


(2) 
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and 


P  =  P\ 


p  +p 

±  r  *  a’ 

(3) 

=£0,Oj=0  ’ 

(4) 

P 

_  Cl 

~  •> 

(5) 

Ps 

(6) 

respectively.  Note  that  the  distinguishing  superscripts  S  and  L  (Table  1)  and  subscripts  P  and  C  (Eqs.  (1)- 
(2)),  corresponding  to  the  surface  and  the  line  currents  and  to  the  planar  and  the  cylindrical  models,  respectively, 
have  been  omitted  in  Eqs.  (3)-(6)  since  these  equations  apply  to  both  current  sources  and  models.  This  rule  is 
adapted  throughout  the  entire  paper  for  all  the  equations  that  apply  to  both  current  sources  and  models.  The 
fundamental  power  relations  in  Eqs.  ( 1  )-(4)  can  be  readily  expressed  in  the  spectral  domain  upon  expending  the 
transverse  components  of  the  electromagnetic  field  in  terms  of  appropriate  modes  in  conjunction  with  the 
Parseval’s  identity,  as  summarized  in  Table  2.  The  modal  fields  are  represented  via  plane -waves  (continuous 
spectrum)  and  cylindrical  waves  (discrete  spectrum)  for  the  planar  and  the  cylindrical  models,  respectively.  The 
spectral  power  densities,  denoted  by  Pr  ,Pa,  and  Ps  in  Table  2,  are  expressed  explicitly  in  Table  3. 


Table  2:  Spectral  representation  for  the  power  relations. 


Power 

Planar-model, 

Cylindrical-model, 

relations 

current-sheet 

line-source 

current-sheet 

line-source 

Pr 

PVXK) 

2 

o  rfo 

PV 

I HphP'i2 

4J2q{k0p') 

2*1  '  r,q  4 

q=-  oo  “ 

Pa 

pVaiK) 

2 

pW)  dk- 
I  0  x)*\Po\ 

PV 

^  K^p'i 

4J2q(k0p') 

2j  '  a,q  a 
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Ps 

pniK) 

2 
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PVS,q 
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|  K\2 
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Table  3:  Spectral  power  densities  and  related  functions  for  the  spectral  representation. 


Planar  model 

Cylindrical  model  i 

Power 

Densities 
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functions 
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Results 

The  limit  of  high  losses,  associated  with  highly  lossy  tissues,  renders  jZ1  jZ^  |  — >  0  (or  equivalently 

\kjk0\ -»  0  )  and  thus  enables  the  implementation  of  the  well  known  Leontovich  surface  impedance  approach 

[1],  [2].  This  results  in  a  closed-form  and  relatively  simple  asymptotic  relations  for  both  the  planar  and  the 
cylindrical  models,  as  summarized  in  Table  4.  These  asymptotic  relations  demonstrate  that  utilizing  the 
Leontovitch  approximation  [1],  [2]  in  conjunction  with  the  Debye  approximation  [13]  results  in  an  asymptotic 
equivalence  of  the  planar  and  the  cylindrical  models,  when  excited  by  surface  currents. 


Table  4:  The  limit  of  high  losses. 


Asymptotic  limits 

Planar  model 

Cylindrical  model 

Leontovitch  approx.  [1],[2] 

k,  k.a 

— - - >oo  or  — - >  oo 

k0  k0a 

Z(k  )  ~  Z‘  k° 
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0  =  a 

Leontovitch  approx.  [1],[2]  & 

Debye  approx.  [13] 
q  =  k0a  sin  6 q  — »  oo  ,  sin  0  *  1 

Z(k0  sin  6q)  ~  Zqwq 
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(!)’  . - 

Hfy{k0a)  ,V( Kaf-q 2  .  .  „ 

%  -±J  cost?, 
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Furthermore,  this  equivalence  establishes  an  identical  asymptotic  lower  bound  on  the  power  absorption 

s 

efficiency  '.S'  7)  in  (5)  for  the  planar  and  cylindrical  waves  in  both  models,  as  demonstrated  in  Fig.  2,  i.e. 


Va  Z  r,a  i=0  or  JL=0 


k0a 


(7) 


in  the  range,  0  <  k0d  <  —  . 


(a)  (b) 

Figure  2:  Power  absorption  efficiency  vs.  normalized  transversial  wave  number,  j Zf|  =  0. 1 140  +  y 0.065 8  : 

(a)  Plane  wave  model  ( k0a  — >  go  )  [3],  [4],  [5],  (b)  Cylindrical  wave  model  (  k0a  =  10  ). 


Noting  that  Leontovitch  and  Debye  approximations  (Table  4)  lead  to 
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where  JjEEM  is  expressed  as  [4] 
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This  results  in  an  asymptotic  common  lower  bound  TJaEM  for  both  models  in  (7)  and  renders  a  tight  asymptotic 
common  lower  bound  for  the  line-source  power  absorption  efficiencies  r/E p  and  TJaC 
associated  with  the  planar  and  the  cylindrical  models,  i.e., 
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and 
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respectively. 

Finally,  in  the  limit  of  zero  curvature  as  Aq<7  — >  0 ,  the  cylindrical  model  is  asymptotically  reduced  into  the 
planar  model,  i.e., 


d 


£ 

a,£’ 


(12) 


It  is  readily  noted  that  while  the  asymptotic  result  in  (8)  is  valid  if  Leontovitch  and  Debye  approximations  can  be 
applied,  for  the  validity  of  (12)  requires,  in  addition,  that  <?///—>  1  (or  equivalently  d/a  — >  0 ). 

Calculations  based  on  Eq.  (5)  and  Tables  2-3  are  now  carried  out  for  magnetic  line-source  excitation  (Table  1) 
utilizing  FCC  guidelines  [14]  for  evaluation  of  biological  tissues  parameters  at  cellular  frequencies  (human  brain 
parameters  at  900  MHz:  cr  =  0.7 \S/m\,  £x  =  45s0).  Fig.  3  reveals  that  the  cylindrical  model’s  results 

correlate  well  with  Eqs.  (7)-(12).  Furthermore,  as  expected,  the  power  absorption  efficiencies  !]^  c  for  the 
cylindrical  model  is  tightly  bounded  from  above  and  bellow  by  the  power  absorption  efficiencies  associated  with 
the  planar  model  excited  by  surface  and  line  magnetic  currents  (Table  1),  respectively,  for  a  broad  range  of  k0a 
values,  i.e., 


TEM  ^  r  ^  r 
da  ^  da,C  ^  da,! 


k0a  >  1 . 


(13) 


Figure  3:  Curvature  effect  on  efficiencies  and  bounds:  FCC  parameters  at  900MHz  [14],  <J  =  0.7 [.S’  /  m] , 

£l  =  45  £0. 

In  conclusion,  the  power  absorption  efficiency  for  the  cylindrical  model  is  universally  bounded  by  the  planar 
model  efficiencies  for  both  excitations  (Table  1),  namely,  the  planar  and  the  line  magnetic  current  sources. 
Furthermore,  as  the  curvature  of  the  absorbing  medium  approaches  zero,  the  power  relations  for  the  cylindrical 
model  are  asymptotically  reduced  to  the  results  associated  with  the  planar  model. 
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ABSTRACT 

Phagocytosis  of  the  apoptotic  cells  requires  distinguishing  features  on  the  surface  of  dead  cells, 
recognition  and  tethering  molecules,  as  well  as  the  cytoskeletal  and  other  cellular  machinery  involved 
in  engulfment. 

If  the  details  of  the  interaction  between  apoptotic  cells  and  phagocytes  are  still  far  to  be  fully 
understood,  even  more  obscure  are  the  external  factors  able  to  modulate  the  phagocytosis.  We  have 
hypothesized  that  any  factors  influencing  cell  surface  molecules  expression  (phagocyte  and  /or 
apoptotic  cell)  can  in  turn  affect  recognition  of  apoptotic  cells.  This  is  indeed  the  case  of  static 
magnetic  field  of  moderate  intensity  that  alters  the  surface  of  cells  after  24  h  of  continuous  exposure. 
Therefore,  the  recognition  of  apoptotic  lymphocytes  by  liver  sinusoidal  cells  under  exposure  to  6  mT 
static  magnetic  field  to  define  at  which  extent  static  magnetic  fields  are  able  to  modulate  this  specific 
type  of  phagocytosis  was  studied. 

Carbohydrate  expression  on  lymphocyte  surfaces  was  extensively  affected  by  exposure  to  static 
magnetic  field  irrespective  of  the  cell  status,  i.e.  normal  or  apoptotic.  These  modifications  are 
responsible  of  the  altered  recognition  of  apoptotic  lymphocytes  by  the  sinusoidal  liver  cells.  In 
particular,  the  exposure  to  static  MF  has  been  found  to  be  an  extremely  critical  factor  for  the 
recognition  of  not  only  apoptotic  lymphocytes,  but  especially  for  control  ones. 

INTRODUCTION 

The  interest  in  the  biological  effects  of  non-ionizing  electromagnetic  fields  (EMFs)  on  the  whole 
organism,  as  well  as  on  cellular  systems,  has  considerably  increased  in  recent  years  in  consideration  of 
their  increased  production  (from  the  generation  and  transmission  of  electricity,  to  domestic  appliances 
and  industrial  equipment,  to  telecommunications  and  broadcasting)  and  of  possible  health  risk  for 
humans.  Findings  on  the  effects  of  (E)MFs  exposure  on  humans  are  often  contradictory  and,  therefore, 
difficult  to  interpret.  No  direct  evidence  of  tumorigenicity  have  ever  been  demonstrated,  however, 
epidemiological  studies  have  associated  (E)MFs  exposure  with  increased  incidence  of  cancer.  The 
multiplicity  of  experimental  conditions  (i.e.,  in  vitro  or  in  vivo  models,  intensity  and  type  of  field, 
oscillatory  or  static,  time  of  exposure,  metabolic  state  of  the  cells,  etc)  makes  contradictory  the  data  on 
the  biological  effects  of  (E)MFs.  Many  researches  have  indicated  plasma  membrane  as  the  primary  site 
of  action  of  (E)MFs  (Santoro  et  ah,  1997).  Indeed,  the  effects  on  plasma  membrane  have  been 
described  at  different  levels:  on  the  electrochemical  balance  of  the  membrane  (Panagopouls  et  ah, 
2000),  on  its  surface  (Paradisi  et  ah,  1993),  on  the  distribution  of  membrane  proteins  (Bersani  et  ah, 
1997)  and  membrane  receptors,  on  the  cell-cell  and  cell-matrix  junctions  (Somosy,  2000),  on  lipid 
peroxidation  and  generation  of  reactive  oxygen  species  (ROS)  (Ishisaka  et  ah,  2000;  Jelenkovic  et  ah, 
2006),  on  DNA  damage  (Fiorani  et  ah,  1992;  Miyakoshi  2005),  on  the  sugar  residues  on  cell 
membrane  (Bordiushkov  et  ah,  2000;  Chionna  et  ah  2003b)  and  on  trans-membrane  fluxes  of  different 
ions  especially  calcium  (Thompson  et  ah,  2000;  Cho  et  ah,  1999  Lyle  et  ah,  1997).  As  a  consequence, 
cellular  processes  (physiology  and  metabolism,  i.e.  apoptosis,  cellular  shape,  cytoskeleton 
polymerization)  are  influenced  (Fanelli  et  ah,  1999;  Teodori  et  ah,  2002a,  b;  Chionna  et  ah,  2003a, 
2005).  In  turn,  modulation  of  apoptosis  can  favor  the  development  of  many  diseases  (Kountouras  et  ah, 
2004;  Nikitakis  et  ah,  2004). 
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In  particular,  apoptosis  is  an  important  and  widespread  process  aimed  to  protect  organism  by  the  silent 
demise  of  damaged  and/or  aged  cells.  Apoptotic  cells  are  usually  cleared  by  phagocytosis  in  vivo  with 
a  rapid  and  efficient  process  able  to  remove  damaged  cells  and  components  by  inhibiting  inflammation 
(Savill  and  Fadok,  2000).  The  initial  event  in  phagocytosis  is  the  recognition  of  the  target.  Successful 
engulfment  requires  that  apoptotic  cells  expose  at  least  one  “eat-me”  signal  on  their  surface  (Savill  and 
Fadok,  2000).  Apoptosis  leads  to  disruption  of  the  normal  phospholipid  asymmetry  of  the  plasma 
membrane,  that  generates  ligands  on  the  cell  surface  (Williamson  and  Schleger,  2002),  facilitating 
recognition  by  specific  receptors  on  the  phagocytes.  Several  in  vitro  study,  starting  from  the  pioneering 
work  of  Savill  et  al.  (1990),  which  identified  macrophage  vitronectin  receptor  (av(:13  integrin)  as  the 
first  receptor  to  recognize  and  engulf  apoptotic  cells,  have  characterized  several  recognition  systems, 
mainly  by  inhibitory  studies  of  the  phagocytic  process.  Table  I  summarizes  the  various  “eat-me” 
signals,  so  far  identified,  capping  the  apoptotic  cells,  that  are  recognized  simultaneously  or 
alternatively  by  distinct  phagocyte  receptor  molecules. 


Table  hRedundancy  in  apoptotic  cell  surface  determinants  and  phagocytes  receptors. 

Present  on 


Epitopes  and/or  receptor  Apoptotic  cells  surface  Phagocyte  surface 


phosphatidylserine  (PS) 

yes 

yes 

CD31 

yes 

yes 

ATP-binding  cassette  transporter  (ABC1) 

yes 

yes 

phosphatidylserine  receptor  (PSR) 

no 

yes 

Clq/Mannose  Binding  Lectin  (MBL) 

no 

yes 

calreticulin  and  CD91 

no 

yes 

CD  14 

no 

yes 

av(33/av(35 

no 

yes 

Scavenger  receptors  (SRA,CD68,L0X1,CD36) 

no 

yes 

CD  ll/CD  18 

no 

yes 

Lectins 

no 

yes 

Ox-LDL 

yes 

no 

ICAM3 

yes 

no 

MER 

no 

yes 

av(:13  integrin 

no 

yes 

(12-GPI  receptors 

no 

yes 

bridging  molecules: 

Milk  Fat  Globule  Epidermal  growth  factor  8,  (MF-GE8);  Growth  Arrest  Specific  gene  6,  (Gas6); 
trombospondin  (TSP) 


The  same  “eat-me”  ligand  can  be  recognized  by  different  receptors  or  bridging  molecules,  so  that 
recognition  possibilities  are  widely  amplified.  This  redundancy  aims  to  assure  maximum  clearance 
efficiency  and  explains  the  inability  of  some  individual  deletions  to  efficiently  impaired  apoptotic  cell 
clearance  in  vivo. 

In  a  wide  range  of  phagocytes,  both  professional  and  non-professional,  charbohydrate  changes  on  the 
surface  of  apoptotic  cells  are  important  in  triggering  recognition  (Duvall  et  al.,  1985;  Dini  et  al.,  1992; 
Dini,  et  al.  1 993).  Initially  it  has  been  suggested  that  healthy  hepatocytes  ingested  apoptotic  ones  via 
the  asiaologlycoproteins  receptor,  that  is  exclusively  present  on  the  parenchymal  liver  cells  (Dini  et  al., 
1992).  Galactose  and  mannose-  specific  recptors  of  sinusoidal  liver  cells  have  been  also  found  play  a 
role  in  the  recognition  and  engulfment  of  apoptotic  cells,  mostly  blood  circulating  (Dini,  et  al.  1995; 
Falasca,  et  al.  1996;  Dini  and  Carla,  1998),  likely  in  cooperation  with  other  hepatic  carbohydrate- 
specific  receptors.  Indeed,  the  mannose  receptor  of  macrophages  and  liver  endothelial  cells  is  the  best 
characterized  member  of  a  family  of  surface  lectin  receptors  that  mediates  binding  and  internalization 
of  mannose  and  fucose  (Duvall  et  al.,  1985;  Dini  et  al.,  1992;  Dini,  et  al.  1993;  Dini  et  al.,  1995). 
CD  14,  a  multifunctional  receptor  known  originally  for  its  role  as  the  lipopolysaccharide  (LPS) 
receptors  (Gregory,  2000),  could  bind  the  carbohydrate  groups  that  are  exposed  during  the  apoptosis. 
The  overall  environmental  generation  of  (E)MFs  is  due  to  both  natural  and  artificial  sources.  Thus, 
many  cell  functions  can  be  influenced  by  the  accidental  or  intentional  exposure  to  (E)MFs.  It  is  likely 
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that  recognition  of  apoptotic  cells  could  be  affected  by  any  environmental  factors  able  to  modulate  cell 
surface  molecules  expression,  irrespectively  on  phagocyte  and  /or  apoptotic  cells.  Among  all  the 
possible  factors  present  in  the  environment  static  magnetic  field  of  moderate  intensity  (static  MF  6  mT 
of  intensity)  are  also  included.  While  it  has  been  reported  that  static  MF  can  alter  surface  of  cells  after 
24  h  of  continuous  exposure  (Chionna  et  al.  2003b;  2005),  scarce  and  very  contradictory  are  the  data  of 
literature  regarding  the  effects  of  (E)MFs  on  phagocytosis  (Flipo  et  al.  1998;  Simko  et  al.  2001). 

Aim  of  the  present  work  has  been  the  study  of  the  in  situ  liver  recognition  of  normal  or  apoptotic 
lymphocytes  that  have  been  exposed  for  up  to  24  h  to  6  mT  static  MF,  to  define  at  which  extent  static 
MF  are  able  to  modulate  this  specific  type  of  phagocytosis.  In  particular,  liver  is  the  main  site  for 
apoptosis  of  blood  cells,  is  for  lymphocytes  either  a  battlefield  or  a  graveyard  (Sun  and  Shi,  2001; 
Crispe  et  al.,  2000). 

Characterization  of  cell  surface  of  isolated  human  lymphocytes:  apoptotic  versus  static  MF  exposed 
Fluman  lymphocytes  cells  were  obtained  after  Ficoll  gradient  separation  of  buffy  coats  from  blood 
donations  of  non-smoker  healthy  males,  aged  25—45 .  They  were  separated  from  monocytes  by  double 
adherence  to  plastic.  During  and  after  the  treatments,  they  were  maintained  at  a  cell  density  of  1><106 
cells/ml  in  complete  culture  medium  at  37  °C  supplemented  with  10%  inactivated  fetal  calf  serum 
(FCS),  2  mM  1-glutamine,  100  IU/ml  penicillin  and  streptomycin  in  a  humidified  atmosphere  of  5% 
CO2;  cells  were  used  on  the  first  day  of  explant.  Cell  viability  was  more  than  95%  at  the  end  of  the 
isolation  procedure  and  it  was  reduced  of  about  55  and  70%  when  cells  were  induced  to  apoptosis  by 
using  heat  shock  at  43  °C  for  1  h  followed  by  4  h  recovery  in  fresh  medium  or  cycloheximide  (CF1X) 
10'2  M  for  up  to  24  h.  The  exposure  to  static  MF  of  6  mT  of  intensity,  up  to  24  h,  did  not  induce  any 
reduction  of  the  cell  viability  nor  modification  of  cell  growth  (Fig.  1).  Static  MF  was  produced  by 
Neodymium  magnetic  disks  (10  mm  in  diameter  and  5mm  in  height)  of  known  intensity  supplied  by 
Calamit  L.td  (Milano,  Italy)  placed  under  the  culture  Petri  dishes.  The  intensity  of  the  field  generated 
by  the  magnet  was  checked  by  means  of  a  gaussmeter  with  a  range  of  operating  temperature  of  0°C  to 
50°C  and  an  accuracy  (at  20°C)  of  +  1%  (Flail-effect  gaussmeter,  GM04  Hirst  Magnetic  Instruments 
Ltd,  UK).  The  laboratory  areas  between  incubators,  worktops  and  tissue  culture  hood  measured  0.08 
pT  to  0. 14  pT  (50  Hz)  magnetic  fields.  In  the  room  the  background  flux  density  was  10  pT  (static)  and 
the  local  geomagnetic  field  was  approximately  43  pT. 

However,  when  apoptosis  was  induced  under  exposure  to  static  MF,  the  percentage  of  dead  cell  was 
reduced  of  about  15-20%  (Fig.  1).  Morphological  observation  confirmed  these  results.  Indeed, 
exposure  to  static  MF  affected  cell  shape  and  surface.  Microvilli  of  control  cells  became  lamellar  and 
cells  was  more  elongated.  The  surface  of  lymphocytes  induced  to  apoptosis  under  exposure  was  less 
smooth  than  not  exposed  ones  (Chionna  et  al.  2003a). 


100 


CTRL  CHX  MF  CHX  +  MF 

A 


150 


B  CTRL  CHX  MF  CHX  +  MF 


Fig.  1  Evaluation  of  the  lymphocyte  viability 
(A-  tiypan  blue  test;  B-  MTT  test)  in  control 
(CTRL)  cycloheximide  (CHX)  10"2  M  for  up 
to  24  h  in  the  absence  or  in  the  presence  of 
6mT  static  MF.C-  Percentage  of  normal 
(white  columns)  and  apoptotic  (black 
columns)  cells  counted  in  50  microscopic 
fields  40x  of  EE  stained  slides. 

Statistical  analyses  were  performed  using 
Student’s  /-test  for  unpaired  data,  and  ★  P 
values  <0.05  were  considered  significant. 
Data  are  presented  as  mean  ±  S.D. 


The  liver  phagocytosis  of  apoptotic  lymphocytes  is  mediated  by  carbohydrate-specific  receptors  (Dini 
2005).  In  fact,  the  cell  surface  of  apoptotic  lymphocytes  express  normally  hidden  sugar  moieties  like 
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D-galactose,  Mannose,  N-acetyl-Dgalactosamine,  N-acetyl-Dglucosamine,  Fucose.  Cells,  fixed  with 
4%  formalin  in  phosphate  buffer  pH  7.4,  5  min,  were  labelled  with  lectin-FITC  conjugates,  i.e. 
Concanavalin-A  (Con-A)  (D-mannose)  (40  |ig/ml)  and  Ricinus  communis  (D-galactose)  (2  pg/ml),  30 
min  in  the  dark. 

Both  the  apoptotic  treatment  and  the  exposure  to  6  mT  static  MF  influenced  the  sugar  expression;  in 
addition  exposure  to  static  MF  modified  fluorescence  pattern  and  intensity  with  respect  to  the 
corresponding  non  exposed  cells.  In  table  II  are  summarized  the  semiquantitative  evaluation  of 
different  carbohydrate  exposure  on  cell  surfaces  of  normal,  apoptotic  and  static  MF  exposed 
lymphocytes,  analyzed  with  fluorescence  microscopy.  The  carbohydrates  whose  expression  is 
enhanced  after  exposure  are  mannose/D-glucosammine  and  galactose/D-galactosamine,  while  the 
fluorescence  pattern  resulted  modified  for  all  lectins. 

Table  II  Semiquantitiative  evaluation  of  FITC-conjugate  lectins  for  the  detection  of  carbohydrate 
residues  on  the  cell  surfaces  of  control  (CTRL),  apoptotic  human  lymphocytes  in  the  presence  or  in 
the  absence  of  static  MF 

Lectins  CRTL  CTRL+MF  Apoptotic 

Apoptotic+MF 

Con-A  -  +  ++  + 

Ricinus  Communis  -  ++  +++  ++ 


Liver  recognition  and  internalization  of  lymphocytes 

The  quantification  of  adhesion  and  internalization  of  the  in  situ  injection  of  normal,  apoptotic  and 
static  MF  exposed  lymphocytes  to  mouse  liver  sinusoidal  walls  is  reported  in  fig.  2.  Male  Swiss  mice, 
weighting  15-20  g  were  maintained  on  a  standard  laboratory  diet  and  free  water  access.  Before 
surgery,  animals  were  anaestethized  by  an  i.p.  injection  with  Farmotal  (barbiturate  anaestethic) 
(Farmitalia,  Italy),  10  mg/lOOg  body  weight.  All  animals  received  humane  care  according  to  the 
criteria  outlined  by  the  national  law.  For  each  set  of  experiments  at  least  three  animals  were  used. 
Livers  were  perfused  in  a  non-recirculating  system  at  a  flow  rate  of  lml/min.  lxlO6  lymphocytes 
labelled  with  Hoechst  33342  were  injected  into  the  liver  circulation  (total  volume  10  ml). 
Lymphocytes  used  in  the  different  experiments  were  control,  apoptotic,  control  static  MF  exposed  and 
induced  to  apoptosis  under  static  MF.  The  livers  were  then  extensively  washed  with  culture  medium  to 
remove  unbound  cells.  Livers,  fixed  in  4%  paraformaldehyde  in  phosphate  buffer,  were  processed  for 
routine  light  microscopy  or  for  cryosectioning.  The  adhesion  of  lymphocytes  to  the  sinusoidal  wall 
was  evaluated  by  light  and  fluorescent  microscopy  of  liver  sections.  The  adhesion  specificity  was 
tested  in  parallel  inhibition  experiments  by  adding  80  mM  (final  concentration)  of  a  sugar  cocktail  (N- 
acetyl-D-galactosamine,  Mannose,  fucose,  N-acetilglucosammine)  into  the  perfusion  tube  before 
adding  apoptotic  lymphocytes.  To  allow  internalization  warmed  solution  (37°C)  were  used.  The 
concentration  of  lymphocytes  used  for  all  experiments  was  at  saturation  point,  as  evaluated  by  the 
presence  of  apoptotic  lymphocytes  in  the  medium  collected  from  the  liver. 

Liver  cells  were  very  active  in  blocking  apoptotic  lymphocytes,  leaving  away  normal  one  (less  than  6 
%  of  injected  cells  were  bound  to  sinusoids).  Apoptosis  was  estimated  by  morphological  analysis  at  the 
optical  level.  Light  microscopic  analysis  of  apoptosis  was  done  on  haematoxylin/eosin  stained  cells  on 
slides.  Haematoxylin-eosin  slides  were  examined  for  the  scoring  of  cells  undergoing  apoptosis,  by 
counting  in  50  to  100  high-power  microscopic  fields  (x40).  Approximately  300  nuclei  per  slides  were 
counted.  The  number  of  apoptotic  cells  was  expressed  as  number  per  microscopic  field  40x.  Slides 
were  also  observed  for  the  presence  anomalies  in  the  morphologies  (normal  or  altered  shape). 

Apoptotic  lymphocytes  were  retained  by  sinusoidal  liver  cells  at  high  degree,  and  when  internalization 
was  allowed  (i.e.  perfusion  at  37°C),  they  were  found  inside  the  cells.  Worth  noting,  control  non 
exposed  lymphocytes  were  never  phagocyted.  Surprisingly,  when  normal  lymphocytes  were  exposed 
for  24  hr  to  static  MF,  they  were  retained  by  sinusoidal  walls  (three  times  with  respect  to  control) 
(fig. 2)  and  internalized  when  allowed. 

The  percentage  of  lymphocytes  induced  to  apoptosis  under  exposure  to  static  MF  bound  to  sinusoidal 
liver  cells  was  higher  than  the  apoptotic  ones.  Correspondingly  the  number  of  internalized  apoptotic 
lymphocytes  was  increased.  The  induction  of  apoptosis  and  static  MF  exposure  had  a  synergic  effect. 
The  recognition  of  apoptotic  lymphocytes  was,  in  all  cases,  specific  as  indicated  by  the  inhibition 
experiments.  In  fact  the  clearance  of  apoptotic  lymphocytes  was  mediated  by  specific  receptors,  most 
likely  mannose  and  galactose,  able  to  recognize  the  surface  modifications.  Indeed,  liver  periportal 
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sinusoidal  tracts  express  higher  amount  of  mannose  and  galactose-specific  receptors  than  perivenous 
sinusoidal  tracts,  thus  leading  the  periportal  liver  sinusoids  to  recognize  and  internalize  more  apoptotic 
lymphocytes  than  the  corresponding  perivenous  cells  (Fig. 2).  Worth  noting,  the  control  static  MF  - 
exposed  cells  were  recognized  at  the  same  extent  in  the  perivenous  and  periportal  tract  of  the  liver 
sinusoids.  The  sugar  inhibition  experiments  indicated  a  synergic  recognition  between  lectin  like 
receptor  and  not  yet  known  receptor,  since  the  reduction  of  binding  was  only  partial  prevented  (Fig.  2). 


Fig.  2  Number  of  control  or  CF1X  10"2  M  for  up 
to  24  h  treated  lymphocytes  in  the  absence  or  in 
the  presence  of  6  mT  static  MF  for  24  h, 
adhering  (white  columns)  or  internalized  (black 
columns)  by  liver  sinusoidal  cells. Statistical 
analyses  were  performed  using  Student’s  t-test 
for  unpaired  data,  and  P  values  <0.05  versus 
CRTL  were  considered  significant.  Data  are 
presented  as  mean  ±  S.D. 


Analysis  of  membrane  proteins  of  static  MF  exposed  lymphocytes 

The  protein  pattern  of  membrane  of  normal,  apoptotic  and  static  MF  exposed  lymphocytes  is  reported 
in  fig.  3.  Western  blot  analysis  were  performed  according  to  Towbin  et  al.  (1979)  (Fig.).  Specific 
lectins  conjugated  to  biotin  were  used:  lectin  from  Concanavalin  A  specific  for  a-Mannose  and  a- 
glucose  residues  (at  a  concentration  of  50  jig/m  I ).  lectin  from  Helix  pomatia  specific  for  N-acetyl-a  -D- 
galactosaminyl  residues  (at  a  concentration  of  50pg/ml),  lectin  from  Triticum  vulgaris  specific  for  N- 
acetyl-P-D-glucosaminyl  residues  and  N-acetyl-P-D-glucosamine  oligomere,  (at  a  concentration 
50pg/ml),  and  lectin  from  Ulex  Europaeus  specific  for  L-Fucose  residues  (at  a  concentration  30pg/ml) 
(Sigma-Aldrich,  Saint  Louis,  MO,  USA).  Specific  binding  of  the  lectins  was  detected  using 
streptavidin  conjugated  to  peroxidase  (1:1,500  dilution)  and  visualized  using  3-3'  diaminobenzidine 
(DAB)  as  a  substrate  in  the  presence  of  FL02.  Quantification  of  the  glycoprotein  bands  was  performed 
by  using  a  Biorad  Model  GS  700  Imaging  densitometer. 

Differences  between  exposed  and  non  exposed  cells  and  between  control  and  apoptotic  ones  have  been 
detected.  Apoptosis  as  well  as  exposure  to  static  MF  induced  modifications  in  the  protein  profile  of 
cells.  In  particular,  from  gel  electrophoresis  three  bands  underwent  major  modifications:  130,  95  and 
45-43  kDa,  while  a  fourth  band  was  only  found  in  control  exposed  cells,  60  kDa.  The  control  exposed 
and  the  apoptotic  non  exposed  lymphocytes  showed  an  increment  of  the  band  of  43KDa.  Conversely, 
the  bands  of  95  and  130  KDa  increased  in  the  presence  of  static  MF  while  decreased  with  the  CHX 
treatment.  The  intensity  of  the  45KDa  band  decreased  with  the  treatments  respectively  with  the 
incubation  of  CHX,  exposure  to  static  MF  and  CHX  incubation  in  presence  of  static  MF  (Fig.  3). 

By  using  different  lectins  (Concanavalin-A,  Ulex  europaeus  and  Triticum  vulgaris)  the  expression  of 
glycidic  residues  of  the  proteins  was  evaluated.  The  western  blots  for  a-Mannose  and  a-glucose  (Con 
A)  has  shown  6  different  bands  (Fig. 5).  The  100  KDa  a  band  was  modified  (+8%  versus  control)  only 
in  the  samples  incubated  with  CHX  under  static  MF.  The  100  KDa  [3  band  was  modified  at  the  same 
extent  (-  15%)  in  both  samples  exposed  to  static  MF  or  CHX  treated.  CHX  incubation  reduced  of  about 
10%  the  intensity  of  the  70  KDa  y  band  with  respect  to  control.  Similar  pattern  (-8%)  was  found  for  65 
KDa  5  band, while  only  the  samples  exposed  to  static  MF  showed  a  decrement  (-9%)  of  55KDa  £  band. 
The  30  KDa  C  band  was  unchanged.  The  western  blots  for  a-L-Fucose  (Ulex  europaeus)  has  shown 
that  the  majority  of  proteins  belong  to  the  low  molecular  weight.  Modifications  of  optical  densitometry 
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with  the  relative  increment  or  decrement  given  in  percentage  with  respect  to  control  are  reported  in  fig. 
4.  The  western  blots  for  N-acetyl-D-glucosammine  and  N-acetyl-neuroaminic  (Triticum  vulgaris)  has 
shown  that  the  majority  of  proteins  belong  to  the  high  molecular  weight.  Optical  densitometry  with  the 
relative  percentage  increments  with  respect  to  control  are  reported  in  fig. 4. 

In  the  present  work  data  have  been  shown  on  the  strong  and  reproducible  effects  that  the  exposure  to 
static  MF  exerts  on  the  process  of  liver  phagocytosis  of  apoptotic  lymphocytes. 

Liver  clearance  of  apoptotic  lymphocytes  is  a  complex  mechanism  that  can  be  influenced  at  least  at 
three  different  levels:  phagocyte  receptors,  apoptotic  cell  quality  and  static  MF  exposure.  On  the  side 
of  the  phagocyte  receptors,  in  general,  the  efficiency  of  phagocytosis  is  proportional  to  the  number  of 
expressed  receptors.  In  the  liver  this  aspect  is  particular  evident,  since  the  receptors  involved  in  the 
recognition  of  apoptotic  cells  are  modulated  in  relation  to  the  type  of  the  cells  (i.e.  Kupffer,  endothelial 
cell,  hepatocytes)  (Dini  and  Kolb-Bachofen,  1989),  to  the  physiological  or  pathological  status  of  the 
organ  and  to  the  cell  localization  inside  the  lobule  (Dini  et  al.,  2002;  Dini,  2000;  Dini  and  Carla,  1998). 
With  respect  to  this  latter  aspect,  the  efficiency  of  recognition  and  internalization  is  higher  in  the 
periportal  tracts  of  the  liver  lobule,  than  in  the  perivenous  ones,  according  to  the  number  of 
carbohydrate  specific  receptors. 
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Fig.  3  SDS-PAGE  of  membrane  proteins  from  control  (CRTL),  CHX  treated  lymphocytes  in  the 
absence  or  in  the  presence  of  6  mT  static  MF  for  24  h.  Lane  1  Marker;  lane  2  control;  lane  3  CHX  10’2 
M  for  up  to  24  h;  lane  4  CTRL  +  static  MF  for  24  h;  lane  5  CHX  10"2  M  for  up  to  24  h  +  static  MF  for 
24  h. 

On  the  side  of  the  edible  cells,  the  quality  of  apoptotic  cells  can  determine  the  efficiency  of  clearance 
by  the  liver  (Chionna  et  al.,  2003a).  It  is  known  that  the  step  in  the  process  of  apoptosis  (i.e.  early, 
mature  or  late  apoptosis)  has  influence  on  the  efficiency  of  removal  since  the  modification  of  the  cell 
surface  changes  accordingly  with  the  progression  through  the  apoptotic  program  (Chionna  et  al., 
2003a).  A  hierarchy  of  the  expression  of  specific  epitopes  on  the  cell  surface  of  apoptotic  lymphocytes 
has  been  reported  (Chionna  et  al.,  2003a).  Therefore,  the  cell  surface  of  dying  cells  is  progressively 
changing  leading  to  widely  amplified  possibilities  of  a  safe  recognition  and  to  modulation  in  the  rate 
of  recognition  and  engulfment.  The  third  level  is  given  by  the  perturbation  exerted  by  exposure  to 
static  MF  of  moderate  intensity.  In  previous  works  (Chionna  et  al.,  2003b,  2005;  Dini  and  Abbro 
2005;Tenuzzo  et  al.  2006)  we  have  described  the  interference  of  static  MF  with  the  process  of 
apoptosis,  with  cell  shape  and  surfaces,  with  Calcium  ions  concentrations,  cytoskeleton,  differentiation 
and  in  the  present  work,  on  the  liver  clearance  of  normal  and  apoptotic  lymphocytes.  Our  data  confirm 
those  in  the  literature  indicating  that  cell  membranes  are  the  preferential  site  for  the  action  of  the 
(E)MF  (Panagopouls  et  al.,  2000;  Paradisi  et  al.,  1993;  Bersani  et  al.,  1997;  Somosy,  2000). 

By  using  two  different  experimental  approaches,  lectin  cytochemistry  and  western  blotting  of 
glycoproteins,  the  modifications  of  the  sugars  moieties  and/or  the  glycoproteins  of  membranes  were 
shown.  Apparent  discrepancies  between  lectin  cytochemistry  and  western  blots  analysis  can  be  due  to 
the  labeling  of  glycolipids  of  the  plasma  membranes  with  cytochemistry  methods. 

The  identification  of  the  (glyco)proteins  whose  amount  has  been  modified  by  the  exposure  to  static  MF 
is  currently  under  inestigation.  Many  of  the  possible  candidate  belongs  to  the  transduction  pathways 
and  to  the  adhesion  molecules:  they  are,  therefore,  molecules  that  can  be  involved  in  the  process  of 
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recognition,  cell-cell  adhesion  and  the  intracellular  pathways;  processes  that  are  all  important  for  the 
recognition  and  engulfment.  Indeed,  it  is  not  possible  to  define  if  the  modifications  in  the  cell  proteins 
are  due  to  conformational  changes,  to  transductional  or  transcriptional  modifications  or  to  a  synergic 
effects  of  all  these  factors. 
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Fig.  4  Western  blot  assays  and  O.D.  of  ConA  expression  on  membrane  glycoproteins  of  isolated 
human  lymphocytes.  Lane  1  CHX  10'2  M  for  up  to  24  h  +  static  MF  for  24  h;  lane  2  CTRL  +  static  MF 
for  24  h;  lane  3  CHX  10"2  M  for  up  to  24  h;  lane  4  control . 
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Fig.  5  Optical  Density  values  of  one  representative  western  blot  of  Ulex  Europeous  and  Triticum 
vulgaris  expression  in  isolated  human  lymphocytes  in  control  and  CHX  10-2M  for  24  h  treated  in  the 
absence  or  in  the  presence  of  6  mT  static  MF. 


To  date,  the  very  few  data  that  have  been  published  on  the  effects  of  static  MF  on  gene  expression  are 
confusing  and,  none  of  them  is  referring  to  genes  regulating  the  apoptotic  program.  Indeed,  some 
studies  obtained  by  using  electromagnetic  fields  at  diverse  intensities,  i.e.  ELF  and  EMF,  reported 
effects  on  gene  expression,  particularly  at  the  transcriptional  level,  after  exposure  to  ELF  and  EMF  of 
human  HL60  (Goodman  et  al.,  1992).  Several  specific  transcripts,  i.e.  actin,  tubulin,  H2B  histone,  c- 
myc,  increased  their  expression  by  two  to  three  fold  after  20  min  of  exposure  (De  Mattei  et  ah,  2005). 
Conversely,  in  other  reports  (Hirose  et  ah,  2003)  the  exposure  to  homogeneous  static  MF  at  10  T  was 
unable  to  affect  the  expression  of  c-Jun,  c-Fos  and  c-Myc,  while  the  inhomogeneous  static  MF  at  6T 
significantly  increased  c-Jun  expression  but  only  at  the  long-time  exposure. 
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The  most  intriguing  data  that  has  been  here  shown  is  the  ability  of  sinusoidal  liver  cells  to  retain  and  to 
internalize  normal  exposed  lymphocytes.  One  possible  reason  of  this  recognition  can  be  the 
modifications  exerted  by  static  MF  on  the  surface  of  lymphocytes  that  share  changes  with  apoptotic 
cells,  thus  leading  to  the  removal  of  control  exposed  cells  via  receptors  used  for  the  clearance  of 
apoptotic  lymphocytes. 

It  is  worth  noting  to  mention  that  the  process  of  recognition  and  engulfment  of  the  apoptotic  cells  has 
same  peculiarity  that  makes  the  process  of  phagocytosis  of  apoptotic  cells  different  from  the 
phagocytosis  of  microrganisms  or  debris  (Krysko  et  ah,  2003).  In  fact,  in  non-pathological  conditions, 
an  efficient  clearance  is  assured  by  the  redundant  interaction  between  apoptotic  cell  ligands  and 
multiple  molecules  present  on  the  engulfing  cell  surface.  The  apoptotic  cell  engulfment  appears  to 
activate  signals  able  to  suppress  release  of  pro-inflammatory  cytokines,  thus  pro-inflammatory 
responses  are  not  elicited.  The  phagocytosis  of  apoptotic  cells  prevents  inflammation  (Maderna  and 
Godson,  2003).  Therefore,  it  should  be  further  investigated  if  the  removal  of  static  MF  exposed 
lymphocytes  share  the  characteristic  of  the  phagocytosis  of  apoptotic  cells. 

SUMMARY 

In  summary,  evidences  of  the  perturbation  exerted  by  the  exposure  to  6  mT  static  MF  of  human 
isolated  lymphocytes  have  been  reported.  In  particular,  the  static  MF  exposure  impaired  the  apoptotic 
rate  and  gave  rise  to  modifications  of  the  cell  surface  in  normal  exposed  cells  similar  to  the  cell  surface 
modifications  achieved  during  the  apoptotic  program.  The  cell  surface  modifications  of  apoptotic  cells 
are  important  for  their  fast  and  silent  removal  by  professional  and  amateur  phagocytes.  Interestingly, 
the  same  liver  receptorial  systems  are  also  used  for  the  recognition  of  control  exposed  lymphocytes. 
The  pathological  and/or  physiological  implications  are  not  yet  understood  and  need  to  be  further 
investigated. 

Data  showed  that  the  recognition  of  apoptotic  lymphocytes  by  the  sinusoidal  liver  cells  is  affected  by 
the  exposure  to  static  MFs.  Interestingly,  exposure  to  static  MFs  has  been  found  to  be  an  extreme 
critical  factor  not  only  for  the  recognition  of  apoptotic  lymphocytes  but  also  for  control  ones.  The 
imp’lication  for  human  health  needs  to  be  deeply  investigated. 
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Abstract: 

It  is  well  known  that  microwaves  from  cellular  phones  or  other  sources  may  affect  biological  systems  by 
increasing  free  radicals,  which  may  enhance  lipid  peroxidation  levels  of  the  cells,  thus  leading  to  oxidative 
damage.  Hydrogen  peroxide  (H202)  produces  during  oxidative  stress.  The  Na+-  and  Ca^+-permeable  melastatin 
related  transient  receptor  potential  channel  TRPM2  cation  channels  can  be  gated  either  by  adenosine 

diphosphoribose  (ADP-ribose)  in  concert  with  Ca^+  or  by  H202,  an  experimental  model  for  oxidative  stress, 
binding  to  the  channel’s  enzymatic  Nudix  domain.  Since  the  mechanisms  that  lead  to  TRPM2  gating  in 
response  to  ADP-  ribose  and  HoOi  are  not  understood,  we  tested  the  effects  of  various  antioxidants  on  ADP- 
ribose,  NAD 1  and  H  O  -induced  TRPM2  currents. 

Chinese  hamster  ovary  (CHO)  cells  were  transfected  with  cDNA  coding  for  TRPM2.  Cells  were 
studied  with  the  conventional  whole-cell  patch  clamp  technique.  The  intracellular  solution  used  EDTA  (10  mM) 

as  chelator  for  Ca^+  and  heavy  metal  ions.  H2O2  (10  mM)  was  added  extracellularly  although  the  ADP-  ribose 
(0.3  mM)  and  NAD  (1  mM)  were  applied  intracellularly  (i.e.  through  the  pipette). 

Non-selective  cation  currents  in  whole  cell  experiments  were  consistently  induced  by  ADP-  ribose, 
NAD 1  and  The  time  cause  of  ADP-  ribose  and  NAD*  was  characterized  by  a  delay  of  0. 6-3.0  min  and  a 

slow  current  induction  to  a  plateau  although  the  time  cause  of  H202  was  characterized  by  a  delay  of  2-5  min  and 
it  didn’t  reach  a  slow  current  induction  to  a  plateau 

These  results  demonstrated  that  all  three  agonists,  H202,  ADP-  ribose  and  NAD+,  are  capable  of 
activating  TRPM2.  The  three  agonists  are  likely  to  interact  directly  with  TRPM2  channels,  consistent  with  the 
idea  that  they  bind  to  the  nudix  domain. 

Introduction 

Daily  exposures  to  various  types  of  magnetic  fields  are  increasing  in  human  environment.  Extremely  low 
frequency  microwaves  (MW)  from  power  lines  and  public  transportation  systems,  high-  frequency  MW  from 
mobile  phones  and  computers,  and  strong  MW  from  magnetic  resonance  imaging  in  medical  diagnosis  are  the 
most  familiar  sources  of  exposure.  Possible  biological  effects  due  to  exposure  various  types  of  MW  have 
become  of  considerable  public  interest  and  concern  (McCann  et  al.,  1993;  Murphy,  1993). 

Reactive  oxygen  substances  (ROS)  and  lipid  peroxides  are  produced  by  a  free  radical  chain  reaction, 
which  can  also  be  initiated  by  ROS.  The  ROS,  i.e.  singlet  oxygen,  superoxide  anion  radical,  perhydroxyl  radical 
and  hydroxyl  radical,  contribute  to  tissue  damage  (Halliwell  and  Gutteridge,  1999).  ROS  also  cause  injury  by 
reacting  with  biomolecules  such  as  lipids,  proteins  and  nucleic  acids  as  well  as  by  depleting  enzymatic  and/or 
nonenzymatic  antioxidants  in  the  brain  (Bayda§  et  al.,  2003,  Koylu  et  al.,  2006).  ROS  and/or  free  radicals  may 
be  involved  in  the  action  of  MW  on  biological  system  (Irmak  et  al.,  2002;  Ilhan  et  al.,  2004;  Koyu  et  al.,  2005; 
Koylu  et  al.,  2006).  Antioxidant  treatments  in  animals  and  humans  could  be  beneficial  in  preventing  or  reducing 
some  complications  of  low  frequency  MW  (Ilhan  et  al.,  2004;  Koyu  et  al.,  2005;  Koylu  et  al.,  2006). 

Transient  receptor  potential  (TRP)  channels  were  first  described  in  Drosphila,  where  photoreceptor 
carrying  trp  gene  mutations  exhibit  a  transient  voltage  response  to  continuous  light  (Clapham,  2003).  These  are 
subdivided  into  three  major  subgroups,  namely,  the  vanilloid  receptor  family,  the  short  TRP  channels  and 
melastatin  (or  long)  TRP  channels  (Kolisek  et  al.,  2005).  We  have  become  particularly  interested  in  one  member 
of  latter  family,  known  as  TRPM2,  for  a  number  of  reasons  a  potential  role  in  cell  death  resulting  from  oxidative 
stress  (Wehage  et  al.,  2002). 

Although  TRPM2  is  dominantly  expressed  in  brain,  it  is  also  detected  many  other  tissues,  including 
bone  marrow,  spleen,  heart,  leukocytes,  liver,  and  lung.  Native  TRPM2  currents  have  been  recorded  from  U937 
monocyte  cell  line  (Perraud  et  al.,  2001),  neutrophils  (Heiner  et  al.,  2003),  and  CRI-G1  insulinoma  cells 
(Togashi  et  al.,  2006)  where  ADP-  ribose  induces  large  cation  currents  that  closely  match  those  mediated  by 


297 


TRPM2  Cation  channels-Mustafa  NAZIROGLU 


heterologously  expressed  TRPM2.  The  Intracellular  Ca  appears  to  be  an  important  modulator  and  cofactor  of 

2+ 

TRPM2,  as  elevated  intracellular  Ca  can  significantly  increase  the  sensitivity  of  TRPM2  toward  ADP-  ribose 
(Wehaga  et  al.,  2002;  Hara  et  al.,  2002;  Kolisek  et  al.,  2005).  The  channel  in  human  embryonic  kidney  (HEK)- 
293  cells  can  also  be  gated  by  H202,  a  model  substance  used  as  paradigm  for  oxidative  stress  (Wehaga  et  al., 
2002;  Fonfria  et  al.,  2004;  Kolisek  et  al.,  2005).  There  are  conflict  reports  on  the  mechanism  of  H202-  mediated 
gating  of  TRPM2.  The  mechanism  has  been  proposed  to  be  direct  or  independent  ADP-ribose  (Wehaga  et  al., 
2002;  Flara  et  al.,  2002;  Heiner  et  al.,  2003;  Kolisek  et  al.,  2005).  More  recent  evidences  suggest  an  indirect 
mechanism,  because  H202-  releases  ADP-  ribose  from  mitochondria  (Fonfria  et  al.,  2004;  Kolisek  et  al.,  2005). 
Flowever,  molecular  mechanisms  of  F1202  gates  the  TRPM2  channels  cells  are  unclear  and  warrant  further 
studies. 

The  molecular  mechanism  by  oxidative  stress  leads  to  opening  of  TRPM2  channels  need  to  be 
elucidated  in  detail.  To  study  the  role  of  TRPM2  in  oxidative  stress  we  used  an  experimental  model,  F1202,  was 
applied  to  TRPM2-  transfected  cells.  Furthermore,  the  present  study  was  aimed  at  elucidating  the  role  of  the 
ADP-  ribose  and  NAD+  for  gating  TRPM2  channels  in  the  Chinese  hamster  ovary  (CFIO)  transfected  cells. 

Material  and  methods 

Cell  culture  and  transfection 

CFIO  cells  were  obtained  from  A.T.C.C.  (Rockville,  MD,  U.S.A.).  The  cells  were  cultured  in  Flam’s  medium 
(lx)  (Biochrom,  Berlin,  Germany),  supplemented  with  10%  (v/v)  fetal  calf  serum  (Biochrom),  1  mM  sodium- 
pyruvate  (Sigma)  and  4  mM  L-glutamine  (Biochrom,  Berlin,  Germany).  Penicillin  (50  U/ml)-  streptomycin  (50 
mg/ml)  combination  in  single-  cell  experiments  was  added  to  the  medium.  Cells  were  plated  onto  Poly-Lysin 
(0.1  pig/  pi  I ,  Sigma)  coated  glass  coverslips  for  24  h  and  then  transiently  transfected  with  one  of  the  described 
pcDNA3-EGFP-channel-vector  constructs  (5  pg)  and  TransFast  Transfection  Reagent  (7.5  pi;  Promega, 
Mannheim,  Germany).  As  controls,  cells  were  transfected  with  2.5  pg  „empty“  vector-construct  and  3.75  pi 
TransFast  Transfection  Reagent.  Electrophysiological  studies  were  carried  out  24-48  h  after  transfection  in  cells 
visibly  positive  for  EGFP. 

Electrophysiology 

Patch  clamp  techniques  have  been  described  in  detail  elsewhere  (Wehage  te  al.,  2002;  Naziroglu  et  al., 
2006).  Transfected  cells  were  studied  with  the  patch-clamp  technique  in  the  whole-cell  mode,  using  a  EPC  9 
equipped  with  a  personal  computer  with  Pulse  and  X  chart  software  (F1EKA,  Lamprecht,  Germany).  The 
standard  extracellular  bath  solution  contained  (in  mM)  140  NaCl,  1.2  MgC^,  1.2  CaCl2,  5  KC1,  10  F1EPES,  pFl 

+  + 

adjusted  with  KOFI  to  7.4.  For  Na  free  solutions,  Na  was  replaced  by  NMDG  (150  mM)  and  the  titration  was 

2+ 

performed  with  HC1.  For  the  NMDG  solutions  with  Ca  ,  NMDG  was  partly  replaced  with  CaCl,  (11.2  mM), 
preserving  an  osmolarity  of  about  300  mosmol/1.  The  noise  level  in  all  experiments  was  minimised  by  coating 
the  patch  electrode  tip  with  agarose  (GibcoBRL,  paisley,  Scotland).  The  pipettes  for  whole  cell  recordings  were 
filled  with  a  solution  composed  of  (in  mM)  145  Cs-glutamate,  8  NaCl,  2  MgCl2,  10  EGTA,  10  F1EPES,  pFI  7.2 
(adjusted  with  CsOFI).  In  some  experiments,  the  pipette  solution  additionally  contained  ADP-ribose  (0.3  mM) 
or  NAD1  (final  concentration  1  mM,  added  to  the  pipette  solution  from  a  stock  of  70  mM  in  ethanol).  Fleavy 
metal  concentration  of  internal  buffer  affected  activation  of  the  channels  by  14202-  In  whole  cell  experiments, 

the  pipette  solution  added  10  mM  EDTA  for  EGTA.  Cells  were  held  at  a  potential  of -60  mV,  and  current- 
voltage  (I-V)  relations  were  obtained  from  voltage  ramps  from  -90  to  +60  mV  applied  over  400  ms.  ADP- 
ribose,  NAD+  and  F1202  and  all  other  chemicals  were  obtained  from  Sigma. 

Data  are  expressed  as  mean  ±  SD.  Statistical  significance  between  groups  were  assessed  with  Student’s 
t-test.  A  p  <  0.05  value  was  considered  significant. 


Results 

In  a  previous  study  (Wehage  te  al.,  2002),  authors  have  characterized  TRPM2  currents  in  TRPM2- 
transfected  F1EK-293  cells.  The  currents  were  consistently  activated  by  intracellular  ADP-Ribose  and  also  by 
extracellular  FbC^,  but  the  latter  stimulus  was  effective  in  only  about  25  %  of  the  experiments.  A  further 
stimulus  of  TRPM2  channels,  intracellular  NAD1,  failed  in  F1EK-293  cells.  In  a  further  study,  we  have 
transfected  TRPM2  channels  into  CFIO  cells  and  could  stimulate  them  also  with  NAD1;  however,  no 
stimulation  with  F1202  was  possible.  In  the  present  experiments,  we  again  chose  CFIO  cells  but  changed  the 

intracellular  buffer  that  used  now  EDTA  rather  than  EGTA  as  chelator  for  Ca^+  and  probably  contaminating 
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heavy  metal  ions.  Moreover,  we  chose  an  intracellular  Ca^+  concentration  calculated  to  be  in  the  range  of  1 
|iM.  Using  these  conditions,  we  were  able  to  evoke  TRPM2  currents  consistently  with  either  of  the  three 
stimuli,  intracellular  AD  PR  (0.3  mM),  intracellular  NAD  (1  mM),  and  extracellular  PbC^  (10  mM)  (Figures. 

1A  and  B,  2A  and  2B).  The  currents  were  non-selective  cation  currents  with  a  reversal  potential  close  to  0  mV, 
as  previously  found  to  be  typical  of  TRPM2  currents,  and  were  readily  blocked  in  the  inside  direction  when  the 
Na+  in  the  bath  was  replaced  by  the  large  impermeant  cation  NMDG+.  No  such  currents  were  ever  observed 
when  cells  were  studied  that  were  transfected  with  a  vector  only  but  not  with  TRPM2;  such  negative  control 
data  were  obtained  on  every  experimental  day  studying  TRPM2. 

The  values  for  the  current  densities  were  1.87  ±  0.98  pF"1  (n=4)  and  (-  60  mV  holding  potential)  in  the 
absence  of  NAD1  and  ADP-  ribose,  29.16  ±  10.57  pF"1  (n=5)  and  31.45  ±  23.16  pF"1  (n=5)  in  the  presence  of 
NAD1  and  ADP-ribose  in  the  patch-  pipette,  respectively  (Figure  3).  The  times  elapsed  before  the  full  response 
to  ADP-  ribose  and  NAD+  occurred  varied  between  0.6  -3.0  min.  This  variability  is  probably  caused  by  variable 
diffusion  times  of  ADP-  ribose  and  NAD 1  from  pipette  bath  into  cytosol  and  by  metabolism  of  ADP-  ribose  and 
NAD 1  to  products  that  do  not  active  TRPM2  (Perraud  et  al.,  2001;  Wehega  et  al.,  2002);  metabolism  is  expected 
to  delay  activation  of  TRPM2  particularly  when  diffusion  is  already  slow. 

The  ADP-  ribose-  and  NAD1  induced  inward  currents  was  abolished  when  extracellular  Na1  was 
substituted  with  the  large  impermeable  cation  NMDG  ((Figures.  1A  and  B,  2A  and  2B).  When  Ca2+  (10  mM) 
was  added  to  NMDG,  a  small  inward  current  was  restituted  (Figures  IB,  C  and  2B,  C).  These  data  indicate  that 
TRPM2  enables  non-  selective  cation  currents  carried  mainly  Naf,  but  to  a  small  part  also  by  Ca2+,  in  inward 
direction  and  carried  by  Cs+  in  the  autward  direction  under  our  experimental  conditions.  Our  results  with 
TRPM2  are  essentially  identical  reports  (reviewed  in  Kuhn  et  al.,  2005). 

Figure  1.  Stimulator  role  of  intracellular  ADP-ribose  on  the  currents  of  TRPM2  channel.  The  time  where 
the  whole  cell  period  where  the  normal  bath  solution  (140  nM  Na+)  was  exchanged  to  a  solution  with  NMDG  as 
main  cation  (150  mM,  no  Ca2+  present).  The  holding  potential  was  -60  mV.  A.  Original  recordings  from  control 
cell.  B.  Ca2+  selectively  of  TRPM2.  A  cell  expressing  TRPM2  currents  stimulated  with  ADP-ribose  (0.3  mM)  in 
the  pipette.  C.  Current  voltage  relationships  of  ADP-  ribose  currents  through  TRPM2  in  presence  of  various 
extracellular  cation  (same  experiments  as  in  panels  B). 
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Figure  2.  Stimulator  role  of  intracellular  (3-NAD+  on  the  currents  of  TRPM2  channel.  The  time  where  the 
whole  cell  period  where  the  normal  bath  solution  (140  nM  Na+)  was  exchanged  to  a  solution  with  NMDG  as 
main  cation  (150  mM,  no  Ca2+  present).  The  holding  potential  was  -60  mV.  A.  Original  recordings  from  control 
cell.  B.  Ca2+  selectively  of  TRPM2.  A  cell  expressing  TRPM2  currents  stimulated  with  (i-NAD  (1  mM)  in  the 
pipette.  C.  Current  voltage  relationships  of  (i-NAD  currents  through  TRPM2  in  presence  of  various 
extracellular  cation  (same  experiments  as  in  panels  B). 
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Figure  3.  Stimulation  of  TRPM2  with  intracellular  (3-NAD+  (1  mM)  and  ADP-Ribose  (0.3  mM).  For  each 
of  the  two  applicants  studied  and  for  pcdfgp  (control-  transfected  cells),  the  initial  current  density  (current 
amplitude  at  -60  mV,  divided  by  the  cell  capacitance,  a  measure  of  cell  size  as  well  as  maximal  current  density 
after  dialysis  with  (’S-NAD  and  ADP-Ribose  was  allowed.  The  numbers  of  parentheses  indicate  the  number  of 
cells  studied;  significant  stimulation  of  currents  is  indicated  with  asterisk,  (mean  ±  SD). 
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Activation  of  TRPM2  currents  by  H202 

It  has  been  well  established  that  mitochondria  produce  most  of  the  endogenous  ROS,  including  H2O2, 
through  oxidative  stress.  It  is  therefore  rational  to  propose  that  the  exogenously  or  endogenously  produced  ROS 
via  oxidative  stress  could  impair  TRPM2  channel  function.  As  a  model  of  oxidative  stress,  we  tested  the  effects 
of  extracellular  H2O2  on  the  TRPM2  channels.  H2O2  was  added  to  the  bath  to  a  final  concentration  of  10  mM. 
After  a  delay  of  2-5  min,  an  inward  current  developed  gradually  that  was  blocked  by  NMDG  and  was  partly 
carried  by  Ca2H .  After  was-out  of  H202,  the  current  initially  increased  further  but  then  declined  almost  the  base¬ 
line  levels  although  a  small  NMDG-  sensitive  currents  was  still  present  (data  were  not  shown).  Re  addition  of 
H202  led  to  a  second  current  rise.  When  the  cell  were  exposed  to  H202  over  more  extended  times  than  in  Figure 
3,  the  inward  currents  did  not  reach  a  plateau  after  even  15  min  (data  were  not  shown).  These  data  suggest  a 
participation  of  ROS  in  the  TRPM  channel  regulation  by  oxidative  stress. 

Stimulation  currents  with  H2O2  after  a  characteristic  delay  was  consistently  observed  more  then  16 
cells  expressing  TRPM2.  The  mean  increase  in  current  density  was  -3.8-  to  -13.2  (Figures  4).  The  time  elapsed 
before  the  full  response  to  H202  occurred  varied  between  2-5  min. 


Figure  4.  Stimulation  of  TRPM2  with  extracellular  H202  (10  mM).  For  each  of  the  two  applicants  studied 
and  for  pcdfgp  (control-  transfected  cells),  the  initial  current  density  (current  amplitude  at  -60  mV,  divided  by 
the  cell  capacitance,  a  measure  of  cell  size  as  well  as  maximal  current  density  after  dialysis  with  H202was 
allowed.  The  numbers  of  parentheses  indicate  the  number  of  cells  studied;  significant  stimulation  of  currents  is 
indicated  with  asterisk,  (mean  ±  SD). 
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Discussion 

The  present  study  was  examined  effects  of  H202,  ADP-  ribose  and  NAD+  on  activation  of  TRPM2 
channel.  The  present  study  found  that  the  non-  selective  cation  channel  currents  induced  by  H2O2,  ADP-  ribose 
and  NAD+. 

NAD+  has  been  reported  to  stimulate  TRPM2  (Sano  et  al.,  2001;  Hara  et  al.,  2002).  We  saw  the 
activation  of  TRPM2  by  NAD+,  which  support  the  idea  that  this  substance  activates  TRPM2  directly.  TRPM2 
contains  as  a  characteristics  structural  feature  a  Nudix  domain  in  its  C-  terminal  cytosolic  tail  (Perraud  et  al., 
2001).  A  nudix  domain  is  a  consensus  region  that  has  been  known  for  a  class  of  pyrophosphatases  that  degrade 
nucleoside  diphosphates  (Heiner  et  al.,  2003).  Indeed,  the  nodix  domain  of  TRPM2  cleaves  ADP-  ribose,  a 
breakdown  product  of  NAD+  and  cyclic  ADP-  ribose,  representing  an  intacellular  second  messenger  stimulating 
calcium  release  mediated  by  ryanodine  receptors.  While  ADP-  ribose  is  hydrolyzed  by  TRPM2,  it  is  also 
activates  TRPM2  and  induces  TRPM2  currents  during  infusion  of  ADP-  ribose  by  the  patch  pipette  (Harteneck, 
2005).  NAD+  has  been  reported  that  to  stimulate  TRPM2  (Hara  et  al.,  2002). 

Activation  of  TRPM2  by  H202  has  been  reported  from  two  approaches.  One  group  suggested  to  gate 
the  channel  independently  of  ADP-  ribose  (Fonfria  et  al.,  2004;  Perraud  et  al.,  2005)  and  the  activation  of 
TRPM2  by  H202  is  probably  linked  to  the  activity  of  the  poly(ADP-  ribose)  polymerase  (PARP-1),  an  enzyme 
transferring  multiple  ADP-  ribose  groups  to  proteins.  Evidence  for  this  intracellular  pathway  resulting  in 
TRPM2  activation  has  been  confirmed  by  the  use  of  the  inhibitors  of  poly(ADP-  ribose)  polymerase  (PARP-1), 
which  were  able  to  interfer  with  the  hydrogen  peroxide  induced  TRPM2  activation  (Reviewed  in  Harteneck, 
2005).  However,  although  evidence  has  been  presented  to  indicate  that  PARP-  1  is  present  in  mitochondria, 
H202  have  also  both  been  suggested  to  have  direct  effects  on  mitochondria  (Halliwel  and  Gutteridge,  1999), 
such  that  the  interpretation  of  their  capacity  to  induce  DNA  damage  and  active  PARP-1  may  not  be  justified.  In 
addition,  PARP-1  inhibitors  are  known  to  be  promiscuous  within  PARP  family  because  of  their  structural 
mimicry  of  nicotinamide  (Ferrais  et  al.,  2003),  and  the  concentrations  required  to  inhibit  oxidant  mediated 
TRPM2  gating  are  well  above  those  required  to  inhibit  PARP-1  in  vitro,  precluding  an  unambiguous 
interpretation  of  the  in  cell  or  in  vivo  targets  of  these  compounds.  Finally,  it  is  not  obvious,  at  least  to  these 
authors,  why  PARP-1  activation  should  be  connected  to  activation  of  a  plasma  membrane  channel  (Perraud  et 
al.,  2005). 

Another  group  has  shown  H202-  induced  opening  of  TRPM2  channel  directly  (Hara  et  al.  (2002; 
Wehaga  et  al.,  2002;  Karft  et  al.,  2003).  Indeed,  currents  through  TRPM2  as  well  as  increase  in  free  Ca2+  were 
consistently  observed.  In  both  and  TRPM2-  transfected  HEK-293  cells,  authors  current  responses  in  whole  cell 
configuration,  which  also  raises  the  possibility  of  a  direct  effect  of  H2O2  on  TRPM2  channels.  Experiments  on 
COOH-  terminal  truncated  TRPM2  channels,  lacking  the  ADP-  ribose  pyrophosphatase  domain,  revealed  a  loss 
of  ADP-  ribose-  mediated  gating  but  a  retention  of  H2C>2-  induced  activation  (Wehaga  et  al.,  2002;  Karft  et  al.. 
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2003).  This  observation  strongly  supports  the  hypothesis  of  independent  gating  mechanisms  by  H2O2  and  ADP- 
ribose. 

According  to  results  of  current  study,  the  H2O2-  mediated  activation  of  TRPM2  appears  to  result  from  a 
direct  gating  mechanism,  because  TRPM2  activation  by  H2O2  was  relatively  rapid  in  whole  cell  recordings. 
After  adding  H2O2  to  bath,  cell  in  whole  cell  records  was  washed  by  extracellular  buffer  and  then  H2O2  was 
given  again.  The  channel  was  activated  again  by  second  administration  of  H202.  From,  this,  we  can  also 
conclude  that  H202-  induced,  single  channel  activity  observed  in  excised  membrane  patches  is  likely  caused  by 
a  direct  gating  mechanism. 

Conclusions 

These  results  demonstrated  that  all  three  agonists,  H2O2,  ADP-  ribose  and  NAD+,  are  capable  of 
activating  TRPM2.  The  three  agonists  are  likely  to  interact  directly  with  TRPM2  channels,  consistent  with  the 
idea  that  they  bind  to  the  nudix  domain  (Flara  et  al.  (2002;  Wehaga  et  al.,  2002;  Karft  et  ah,  2003).  However, 
there  remains  insufficient  evidence  to  suggest  that  three  agonists  are  likely  to  interact  directly  with  TRPM2 
channels.  Further  studies  including  inside  out  and  cell  attached  records  are  necessary  to  conclude  definitively 
the  conclusions. 
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Abstract 

The  efficient  solution  of  a  forward  scattering  problem  is  the  key  point  in  nonlinear  inversion  schemes  associated 
with  microwave  imaging.  In  this  paper  the  solution  is  presented  for  the  volume  integral  equation  based  on  the 
method  of  moments  (MoM)  and  accelerated  with  the  adaptive  integral  method  (AIM).  The  proposed  technique 
differs  from  the  usual  well-known  MoM  and  AIM  in  the  way  the  matrices  are  computed  and  stored.  It  is  shown 
that  the  MoM  matrix  can  be  split  in  parts,  which  are  independent  of  the  material  parameters  of  the  scattering 
object.  Then,  provided  with  the  actual  values  of  the  object  parameters,  the  matrix  is  promptly  restored  in  each 
iteration  of  the  nonlinear  inversion  process.  The  coefficients  of  the  multipole  expansion  of  the  basis  functions  in 
AIM  are  also  computed  irrespective  of  the  object  properties,  so  that  the  far- field  contribution  is  computed  on- 
the-fly  via  FFT  in  each  iteration  of  the  forward  solution.  Thus,  the  presented  technique  allows  us  to  avoid  the 
time-consuming  procedure  of  the  MoM  matrix  filling  in  each  inversion  iteration.  Furthermore,  the  forward 
solution  from  the  previous  inversion  iteration  can  be  utilized  in  the  next  one  as  an  initial  guess,  thus  reducing  the 
solution  time  for  the  forward  model. 


Introduction 

Nonlinear  inversion  schemes  applied  in  microwave  imaging  involve  the  solution  of  a  forward  scattering 
problem,  which  takes  the  major  part  of  the  overall  solution  time.  Therefore,  it  is  of  great  importance  to  make  the 
forward  model  fast  and  efficient  to  ensure  the  rapid  convergence  of  the  imaging  procedure. 

If  a  single-frequency  inversion  technique  is  utilized,  it  implies  a  frequency-domain  forward  scattering  model. 
The  volume  integral  equation  (VIE)  technique  or  the  finite  element  method  (FEM)  can  be  applied  in  this  case. 
The  VIE  solution  converges  much  faster  than  FEM[1].  However,  its  memoiy  demand  is  also  significantly 
higher.  The  FEM  generates  a  sparse  matrix,  while  the  method  of  moments  (MoM)  applied  to  transform  the 
integral  equation  into  a  system  of  linear  equations  yields  a  matrix  with  a  very  high  fill-in.  The  large  memory 
requirements  of  MoM  for  integral  equations  can  be  a  bottleneck  for  imaging  of  dense  inhomogeneous  dielectric 
objects.  To  overcome  this  difficulty  an  accelerated  MoM  solver,  such  as  the  multilevel  fast  multipole  method 
(MLFMM)  or  the  adaptive  integral  method  (AIM),  can  be  applied. 

In  this  paper,  we  present  the  solution  for  the  volume  integral  equation  by  the  method  of  moments  accelerated 
with  the  adaptive  integral  method.  The  proposed  technique  differs  from  the  usual  well-known  MoM  and  AIM  in 
the  way  the  matrices  are  computed  and  stored. 

Nonlinear  inversion  process  involves  an  iteration  procedure,  in  which  a  forward  problem  is  solved  in  each 
iteration  with  a  relatively  small  variation  of  the  material  parameters  of  the  object  under  investigation.  To 
improve  the  efficiency  of  the  algorithm  the  forward  solution  can  take  advantage  of  the  solution  from  the 
previous  iteration.  First  of  all,  the  time  consuming  MoM  matrix  filling  process  can  be  almost  eliminated  if  the 
matrix  is  split  into  parts  independent  of  the  material  parameters  of  the  scattering  object.  These  parts  can  be 
computed  only  once  and  stored  in  computer  memory  or  on  a  hard  disk.  Then,  provided  with  the  actual  values  of 
the  object  parameters,  the  matrix  is  promptly  restored  in  each  iteration  of  the  nonlinear  inversion  process.  Thus, 
a  significant  saving  in  the  computational  time  can  be  achieved  as  compared  to  the  case  when  the  MoM  matrix  is 
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computed  from  scratch  in  each  iteration.  Furthermore,  the  forward  solution  from  the  previous  inversion  iteration 
can  be  utilized  in  the  next  one  as  an  initial  guess,  thus  reducing  the  solution  time  for  the  forward  model. 

Method  of  Moments  for  Volume  Integral  Equation 

The  volume  integral  equation  represents  the  total  electric  field  E  (r  )  in  the  volume  V  as  a  sum  of  the  incident 
E‘(r)  and  the  scattered  Es(r)  electric  fields  as 

E(r)  =  E‘  ( r )  +  Es(r),  rsV.  ( 1 ) 

The  scattered  electric  field  Es(r)  can  be  written  in  terms  of  the  magnetic  vector  potential  A(r)  and  scalar 
potential  ®(r)  as 

Es(r)  =  -jeoA(r)  —  Vd>(r),  (2a) 

A  (r  )  =  juh  ^G{r,r')J{r')dv',  (2b) 

V 

(&(?)  =  — ^G(f,r')p{r')dv',  (2c) 

Sb  v 

where  G(r,r')  is  the  free  space  Green’s  function  and  .7 ( r  ) ,  p(r)  are  the  unknown  induced  electric  volume 
current  and  charge  densities,  respectively.  In  (2),  sb  is  the  permittivity  and  ph  is  the  permeability  of  the 
background  medium.  It  is  noted  that  the  VIE  is  more  conveniently  solved  with  respect  to  the  electric  flux  density 
D(r)  because  its  normal  component  is  continuous  across  the  boundary  between  two  different  dielectric 
materials.  The  substitution  in  variables  is  carried  out  as 

Jir)  =  ja>K(r)D(r)  ==  jo,e(r)~Jb  D{r).  (3) 

sir) 


To  discretize  the  VIE  in  (1)  the  scattering  object  is  divided  into  cells  using  curvilinear  hexahedral  elements. 
Then,  the  unknown  function  D(r)  is  expanded  locally  in  each  cell  in  terms  of  the  higher-order  hierarchical 

Legendre  basis  functions  fnif)  [2],  Finally,  the  Galerkin’s  testing  is  employed  to  transform  the  VIE  in  (1)  into  a 
system  of  linear  equations.  Assuming  the  dielectric  permittivity  sir)  to  be  constant  within  each  cell  and  taking 
into  account  that  p(r)  =  jojV  ■  J(r) ,  an  element  zmn  of  the  resulting  MoM  matrix  [Z]  can  be  written  as 

( Tm{r)Tn{r ))  [  2  /—  .  ,  \ 

=  - - - -  +  Kr j  -  o) 2jub  (r ),  J  G(r,r  )/„  (r  )dv  J 


--(/AG,  VI 


j  Gif,  F')[v'  •  /„  (r')]c/v'  -\G(f  r ')[/„  (r ')  •  dS' 


V 


(4) 


mn  ,  jv  tt 
+  ^lzmn  ’ 

Sl 


where  <-,->  is  the  inner  product,  and  the  subscript  /  denotes  the  cell,  in  which  the  function  f„(r)  is  defined.  The 
surface  integral  in  (4)  is  taken  “just  inside”  the  surface  of  the  cell  1.  It  is  seen  that  both  z'mn  and  z”m  are 
independent  on  the  material  parameters  of  the  object.  Flowever,  the  expression  (4)  is  valid  only  for  a  subset  of 
the  higher-order  hierarchical  Legendre  basis  functions  f„if) ,  namely  those  that  are  defined  within  one  cell.  For 

the  basis  functions  that  span  two  neighbor  cells  (rooftop,  for  instance),  so  that  fn  (r)  =  f~(r)  +  f*{f) ,  the 
expression  (4)  can  be  modified  as 

taG, 7 F(g)  ta'Gtata 


+  KJzZ+KJzZ 


(5) 


7  7 

mn  ,  mn  .  .  jv+  „ 

- +  ^  +  Kt  Zmn+K'  2 


+  7"+ 

I  ‘•mn- 
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Again,  the  expressions  for  z'±n  and  z"±  do  not  contain  the  material  parameters  of  the  scattering  object. 
Consequently,  the  matrices  [Z"~]  and  [/"  ]  can  be  precomputed  and  stored  for  the  subsequent  iterations  of  the 

nonlinear  inversion  process.  The  first  two  terms  in  (5)  do  not  require  precomputation.  They  can  be  computed  “on 
the  fly”,  since  no  time-consuming  Green’s  function  calculations  are  involved. 


Adaptive  Integral  Method  for  Volume  Integral  Equation 

The  adaptive  integral  method  accelerates  the  solution  of  the  VIE  by  separating  elements  of  the  MoM  matrix  [Z] 
responsible  for  near-  and  far-interactions  [3],  as 

[Z]  =  [Znear]  +  [Zfar].  (6) 

The  near- field  elements  [Zneal  ]  constitute  a  relatively  small  part  of  the  full  matrix.  They  are  computed  explicitly 
and  stored  in  a  sparse  matrix  format.  The  far  interactions  are  accounted  implicitly  in  the  matrix-vector  product 
[ZFar][X],  where  [X]  is  the  unknown  solution  vector  in  each  iteration  of  the  iterative  solution  of  the  MoM 
matrix  system.  The  following  procedure  makes  it  possible  to  apply  the  FFT  to  speed  up  the  matrix-vector 
multiplication. 

The  induced  volume  current  and  charge  densities  are  represented  by  point-like  sources  located  at  nodes  of  a 
regular  rectangular  grid  enclosing  the  scattering  object.  Mathematically,  it  is  equivalent  to  the  expansion  of  the 
components  of  the  functions  fn  (r)  and  V  •  f  n  (r )  in  terms  of  Dirac  delta-functions  as 

fa  (f)  =  KauSif  -  m)  ,  (7) 

ugCu 

where  fa  denotes  fnx ,  fnv ,  /„, ,  or  V  •  /„  ,  andCais  a  cube  of  (M  +  l)  3  nodes.  The  coefficients  AnU  are  chosen 

so  that  the  expansion  (7)  reproduces  the  far  field  radiated  by  the  current  element  f„{r) .  This  can  be  achieved  in 
different  ways,  depending  on  approximation  criteria  established.  Here,  we  use  a  multipole  expansion  described 
in  [3], 

To  make  the  expansion  (7)  consistent  with  the  representation  (5)  for  the  rooftop  basis  function,  we  can  similarly 
write 

fa(F)  =  ff(r)  +  ,C(r)=  ^AmlS(F-W)  +  “«)•  (8) 

Thus,  the  elements  of  the  matrix  [ZF‘r  ]  can  be  approximated  as 

4a=K'  I  'L^pvG(v-uWcm+K;  X  ^A^v-ajA^.  (9) 

veCfiUeCa  veC^ueCj 

In  (9),  we  assume  that  constants,  such  as  co  ,  sb,  jUh  ,  are  included  in  the  corresponding  coefficients  A  .  Based 
on  the  expression  (9)  it  can  be  observed  that  the  matrix  vector-product  [Z-  a'  ][V]  can  be  effectively  computed 
by  FFT’s. 

The  coefficients  A±  are  independent  of  the  material  parameters  of  the  scattering  object,  and  therefore  calculated 
once  they  can  be  reused  throughout  the  nonlinear  inversion  process. 


Forward  Solution  Procedure  in  the  context  of  the  Nonlinear  Inversion  Process 

The  computational  procedure  for  the  solution  of  the  forward  scattering  problem  in  the  context  of  the  nonlinear 
inversion  process  is  as  follows: 

1 .  Set  initial  values  for  the  material  parameters  of  the  object  under  investigation. 

2.  Discretize  the  object. 

3.  Set  the  expansion  order  for  the  unknown  function  D  ( F )  in  each  cell  according  to  its  electrical  size. 

4.  Specify  a  regular  rectangular  grid  enclosing  the  scattering  object  and  compute  the  coefficients  A±  . 

5.  Compute  the  terms  z"mn  for  the  elements  of  [Z”“"  ]  and  store  them  in  a  sparse  matrix  format. 

6.  Reconstruct  the  matrix  [Z"ea>  ]  using  the  precomputed  z”tft  and  actual  material  parameters  of  the  object 
(Equation  (5)). 
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7.  Solve  the  MoM  matrix  system  using  an  iterative  solver.  The  product  \Z  fa'  ][X]  is  calculated  by  FFT’s 
in  each  iteration  using  the  precomputed  A1 . 

8.  If  necessary  update  the  material  parameters  of  the  object  and  return  to  step  6. 

It  should  be  noted  that  the  procedure  presented  above  is  valid  only  for  a  reasonable  variation  of  the  material 
parameters  of  the  object  (within  10-20%).  Otherwise,  to  avoid  over-  or  under-discretization  the  procedure  should 
be  repeated  starting  from  step  3.  If  our  method  of  moments  solution  were  based  on  low-order  basis  functions 
(pulse,  RWG,  etc.)  the  procedure  should  have  been  repeated  starting  from  step  2. 


Numerical  Results 

To  verify  the  proposed  technique,  we  consider  scattering  by  a  solid  dielectric  cube  with  the  side  length  1.4 A0. 
The  cube  is  made  of  lossless  dielectric  with  the  relative  permittivity  sr  =4.0,  except  its  central  slice  of  width 
0.28T0  (see  Fig.  1).  The  relative  permittivity  of  the  slice  is  varied  from  er  =  4.1-y'0.05  to  sr  =  5.1- y'0.55  in 
11  cycles,  which  represent  the  iterations  of  a  nonlinear  inversion  process.  An  x-polarized  plane  wave 
illumination  is  considered.  The  object  is  discretized  with  1000  identical  cells,  and  the  second  expansion  order  is 
utilized  to  expand  the  unknown  electric  flux  density  in  each  cell.  The  discretization  yields  25200  unknowns, 
which  would  require  about  4.7  GB  of  computer  memory  to  store  the  full  MoM  matrix.  For  the  modified  MoM 
and  AIM  techniques  presented  in  this  paper  the  memory  requirement  is  510  MB. 


Fig.l.  Solid  dielectric  cube  with  a  central  slice  made  of  different  dielectric  material. 

In  the  numerical  experiments  the  Generalized  Minimal  Residual  (GMRES)  iterative  solver  with  restarts  after  30 
iterations  is  employed.  The  time  to  fill  the  MoM  matrix  and  the  number  of  iterations  to  convergence  to  a  relative 
residual  error  of  1 0  is  summarized  in  Table  1  for  all  1 1  cycles.  In  the  first  cycle  all  necessary  calculations  to 
precompute  the  data  for  the  subsequent  cycles  are  carried  out,  i.e.,  steps  1-5  of  the  solution  procedure  described 
in  the  previous  section.  Then  steps  6-8  follow.  In  the  subsequent  cycles  only  steps  6-8  are  involved.  It  is  seen 
that  a  significant  saving  in  time  in  cycles  2-11  is  achieved  by  eliminating  the  matrix  filling  process  and  reusing 
precomputed  result  from  the  first  cycle.  The  matrix  reconstruction  at  the  step  6  is  extremely  fast.  Moreover,  the 
number  of  iterations  to  converge  is  also  decreased  by  employing  as  an  initial  guess  the  solution  vector  from  the 
previous  cycle. 


Table  1.  MoM  matrix  filling  time  and  the  number  of  iterations  to  converge. 


Cycle 

1  (setup) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Permittivity 

4.1  -70.05 

4.1-J0.05 

4.2-y'0. 10 

4.3-/).  15 

4.4-/X20 

4.5-7O.25 

4.6-70.30 

4.7-7O.35 

O 

''fr 

O 

■7-1 

OO 

Tf 

4.9-/0.45 

5.0-70.50 

5.I-7O.55 

Filling 

time,  sec 

33547 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

Iterations 

- 

1559 

1000 

965 

934 

908 

885 

861 

840 

822 

805 

789 
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The  configuration  of  the  cycle  1 1  is  also  simulated  from  scratch  using  the  classical  MoM  accelerated  with  the 
AIM.  In  Fig.  2,  the  obtained  bistatic  radar  cross  section  (RCS)  is  compared  to  the  result  of  the  cycle  11.  As 
expected,  no  difference  is  observed,  which  illustrates  the  correctness  of  the  derivation  and  implementation  of  the 
presented  technique. 


Fig.2.  Bistatic  RCS  of  the  dielectric  cube  with  a  central  slice  made  of  dielectric  with  sr  =5.1-  y'0.55  . 


Conclusions 

The  formulation  for  the  classical  method  of  moments  for  the  volume  integral  equation,  which  is  employed  to 
solve  the  forward  scattering  problem,  is  modified  so  that  the  time  consuming  matrix  filling  procedure  is  moved 
to  the  setup  phase  of  a  nonlinear  iterative  inversion  process.  This  is  accomplished  by  splitting  the  MoM  matrix  in 
parts,  which  are  independent  of  the  material  parameters  of  the  scattering  object.  Once  computed  in  the  setup 
phase  these  parts  are  stored  in  the  memory  or  on  a  hard  disk.  Then,  provided  with  the  actual  values  of  the  object 
material  parameters,  the  matrix  is  promptly  restored  in  each  iteration  of  the  nonlinear  inversion  process.  Similar 
modifications  are  made  in  the  adaptive  integral  method,  which  is  applied  to  accelerate  the  MoM  solution  as  well 
as  to  reduce  its  memory  demands.  The  given  numerical  results  show  that  the  present  technique  allows  the 
forward  model  to  be  solved  fast  and  efficiently  in  each  iteration  of  a  nonlinear  inversion  process. 
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Abstract 

The  issue  of  limiting  negative  influence  of  effect  of  electromagnetic  fields  from  induction  heating  devices  using 
electromagnetic  shields  has  been  presented  in  the  paper.  The  effectiveness  of  shielding  for  fields  of  different 
frequencies  has  been  examined  considering  the  material,  thickness  and  size  of  shields  as  well  as  multilayer 
systems.  The  research  was  conducted  applying  computer  simulation  method  using  Flux3D  and  CST  EM  Studio 
programs  and  subsequently  experimentally  verified  at  laboratory  stand.  The  satisfactory  similarity  of  simulation 
and  experimental  results  allows  for  using  the  simulation  method  in  designing  shields  for  industrial  use. 

Introduction 

Induction  as  well  as  magnetohydrodynamic  (MHD)  heating  devices  are  commonly  used  in  industry  especially  in 
metallurgy  and  machine  building.  Conversion  of  energy  into  heat  or  generation  of  electrodynamic  forces  moving 
liquid  metal  happens  through  electromagnetic  fields  of  low  frequencies  of  50  and  60  Hz,  medium  ones  of  around 
30  kHz  and  high  ones  of  up  to  around  400  kHz.  Because  of  it  the  supplying  sources  of  induction  or  MHD 
devices  have  negative  influence  on  the  surrounding  environment.  One  of  the  technical  means  most  often  used  for 
limiting  electromagnetic  radiation  is  electromagnetic  shielding.  Technical  surroundings  in  industrial  environment 
very  frequently  cause  unexpected  distribution  of  field  around  the  devices,  which  makes  proper  design  and 
production  of  effective  shielding  a  very  complicated  issue.  Usually  adequate  experience  is  required  as  well  as 
suitable  research  methods  need  to  be  applied.  In  the  authors’  opinion  a  computer  simulation  method  is  very 
useful  to  achieve  these  aims  provided  that  it  is  properly  experimentally  verified  [1,2]. 

The  multivariant  calculations  in  the  paper  have  been  carried  out  applying  programs  using  the  finite  elements  and 
boundary  integrals  method  for  calculations  of  magnetic  field  intensity  in  front  and  behind  the  shield,  since  in 
case  of  induction  or  MHD  devices  these  are  the  real  risks.  Different  shield  structures:  single-layer  and  double¬ 
layer  have  also  been  examined  taking  into  consideration  the  material  they  have  been  made  from,  their  size  and 
positioning  in  relation  to  the  measuring  point.  The  calculations  have  been  performed  for  the  frequency  range 
most  often  used  in  induction  heating  and  metallurgical  MHD  devices. 

Simulation  results 

The  simulation  calculations  have  been  made  in  a  system  (Fig.l)  consisting  of  an  inductor  loaded  with  a  charge 
being  a  field  source  and  a  shield  placed  between  the  inductor  and  the  points  in  space  in  which  the  field  intensity 
have  been  calculated.  Flux3D  computer  programs  were  used  for  calculation  basing  on  Maxwell’s  equations 
solution  applying  finite  elements  method  and  respectively  CST  EM  Studio  using  boundary  integrals  method. 
Physical  properties  of  materials  being  subject  of  simulation  have  been  put  into  Table  1. 

Shielding  effectiveness  has  been  calculated  in  accordance  with  the  relation  [3]: 

S„  =20/gif 

“  s 

where:  H  -  magnetic  field  intensity  in  a  system  without  a  shield,  Hs  -  magnetic  field  intensity  in  a  system  with  a 
shield. 
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Fig.l.  3D  calculation  model  for  simulation  of  shielding  effectiveness  of  induction  devices 

The  influence  of  the  shield’s  material,  its  thickness,  structure,  existence  of  one  or  two  layers  and  the  placing 
between  source  and  a  measuring  point  on  shielding  effectiveness  has  been  examined  with  certain  supplying 
parameters.  The  simulation  results  are  shown  in  Figures  2-5. 


Fig.  2.  Effect  of  using  shield  on  magnetic  induction  value  on  measuring  path  outside  shield 


Using  an  electromagnetic  shield  (Fig. 2)  leads  to  a  rapid  four  times  decrease  of  magnetic  induction  value  in 
places  outside  the  shield  especially  in  its  nearest  proximity,  since  with  moving  away  from  the  source  the  field 
weakens  in  a  natural  way. 
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Fig. 3.  Calculated  magnetic  induction  values  for  shields  made  of  various  materials 

The  materials  of  high  conductivity  and  possibly  of  high  magnetic  permeability  (ferromagnetics)  have  the  best 
shielding  properties  (Fig. 3)  by  certain  shield  thickness.  One  has  to  however  bear  in  mind  that  using 
ferromagnetics  as  shields  is  limited  and  near  the  sources  with  medium  and  high  frequencies  even  impossible  due 
to  their  quick  heating  leading  to  melting  in  places.  While  choosing  the  material  its  costs  also  have  to  be 
considered.  This  makes  using  of  copper  very  problematic  and  therefore  aluminum  and  non-magnetic  steel  are 
used  far  more  often 


Tab.  1.  Physical  properties  of  materials 


Material 

Conductivity,  MS/m 

Magnetic  permeability 

Aluminum 

33 

1 

Brass 

25 

1 

Steel 

4,3 

1000 

Copper 

55 

1 

Figure  4  indicates  that  the  shield  should  not  be  to  thin  (0,5  mm)  in  relation  to  the  depth  of  electromagnetic  field 
penetration 


8  =  I - ,  where  ji  -  magnetic  permeability  of  the  shield,  y  -  electrical  conductivity  of  the  shield,  co  - 

V  H  Y® 

pulsation  of  the  coil  current  (co  =  2nf).  Nevertheless  further  increase  of  its  thickness  to  over  2  mm  is  purposeless 
since  the  production  costs  grow  significantly  with  slight  decrease  of  induction  value. 

On  the  other  hand  the  course  of  curves  shown  in  Figure  5  indicates  that  application  of  double-layer  structures 
(two  different  materials)  is  reasonable  only  for  a  system  conductor  (Cu  or  Al)  -  ferromagnetic.  It  seems  that  this 
has  to  be  subject  of  further  research. 
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Fig. 4.  Calculated  values  of  magnetic  induction  for  aluminum  shields  of  various  thicknesses 


Fig.  5.  Calculated  values  of  magnetic  induction  for  double-layer  shields  in  relation  to  single-layer  shield  made  of 
copper  with  same  thickness  as  double-layer  shields 

Experimental  verification 

The  carried  out  simulation  research  was  experimentally  verified  in  the  laboratory  of  Electromagnetic  Risks 
Workroom  in  the  Central  Institute  of  Work  Protection.  The  examinations  have  been  performed  in  the  system  as 
in  Figure  6  and  covered  determination  of  frequency  characteristics  of  shielding  effectiveness  for  metal  shielding 
structures,  comprising  of  various  combinations  of  sheet  metal.  The  frequency  characteristics  have  been 
determined  for  electromagnetic  fields’  frequency  of  20  to  100  kHz.  The  Helmholtz’s  coils  were  used  as 
electromagnetic  field  source  during  examinations.  The  supplying  system  consisted  of  a  HAMEG  HM8130 
generator,  PA-300S  power  supplier,  H/PA-300S  adjusting  system.  The  stability  of  the  generated  magnetic  field 


314 


USING  COMPUTER  PROGRAMS  TO  EVALUATE  SHIELDS 


was  monitored  with  excitation  check  using  HP  34401 A  voltmeter.  The  shielding  effectiveness  was  determined 
on  the  basis  of  magnetic  induction  measurements  using  Narda  ELT-400  meter  (S/N  K-0036)  with  lHz-400kHz 
probe  (S/N  K-0042),  applied  in  a  RMS  320pT,  LowCut  1Hz  working  mode.  Comparison  of  shielding 
effectiveness  results  obtained  from  simulation  and  measurements  has  been  shown  in  Figure  7  and  8. 


Shield 


a 

b 

c 

d 

e 
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mm 

mm 

mm 

mm 

mm 

mm 

150 
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10 

10 

50 

50 

Fig. 6.  Measuring  system  for  experimental  verification  of  shielding  effectiveness 
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Frequency,  Hz 


□  Flux  3D  ■  Measurments  □  CST  EM  Studio  (low  frequency) 

Fig. 7.  Comparison  of  shielding  effectiveness  results  obtained  from  simulation  (Flux3D,  CST  Studio)  and 
measurements  for  shield  made  of  sheet  copper  of  1  mm  thickness 


The  presented  comparison  show  that  the  calculation  carried  out  using  Flux3D  program  for  medium  and  high 
frequencies  >  750  Hz  are  very  similar  to  experimental  results  (Fig. 7)  for  single-layer  shield  and  a  little  less  so  for 
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double-layer  shield  (Fig. 8).  In  both  cases  good  conformity  of  CST  Studio  and  experimental  results  has  been 
obtained  for  low  frequencies  <  250  Hz. 


Frequency,  Hz 


□  Flux  3D  ■  Measurments  □  CST  EM  Studio  (Low  Frequency) 

Fig. 8.  Comparison  of  shielding  effectiveness  results  obtained  from  simulation  (Flux3D,  CST  Studio)  and 
measurements  for  double-layer  shield  made  of  sheet  copper  of  1  mm  thickness  and  made  of  brass  of  1  mm 
thickness 

Summary 

Usability  of  computer  simulation  method  for  research  on  shielding  effectiveness  and  consequently  on  limitation 
of  electromagnetic  radiation  levels  around  induction  devices  has  been  presented  in  the  paper.  The  carried  out 
examinations  proved  that  that  for  frequency  ranges  applied  in  induction  heating  the  best  results  of  shielding 
effectiveness  were  obtained  for  copper  shields  of  thicknesses  up  to  2  mm.  Only  slightly  worse  results  were 
obtained  for  aluminum,  but  considering  the  cost  of  both  materials,  the  latter  will  be  much  more  frequently  used. 
Interesting  results  have  been  obtained  for  double-layer  systems  especially  for  aluminum-steel,  however  this 
requires  further  research  in  order  to  select  the  optimum  sort  of  sheet  steel  and  thickness  of  both  layers. 
Application  of  computer  simulation  may  be  a  basic  tool  in  the  design  process  of  electromagnetic  shields  in 
industry  installations. 
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Abstract 

C95. 1-2005  “IEEE  Standard  for  Safety  Levels  with  Respect  to  Human  Exposure  to  Radio  Frequency 
Electromagnetic  Fields,  3  kHz  to  300  GHz”  was  approved  on  October  5,  2005  and  published  on  April  19,  2006. 
This  revision  (of  C95. 1-1991)  is  based  on  an  evaluation  of  the  scientific  literature  through  2003.  The 
recommendations  are  intended  to  protect  people  of  all  ages  against  established  RF  adverse  health  effects.  Major 
changes  (compared  with  the  1991  standard)  are:  1)  The  maximum  permissible  exposure  values  of  the  lower  tier  are 
harmonized  with  other  standards  between  30  MHz  and  100  GHz.  2)  The  upper  frequency  for  the  basic  restriction  on 
whole-body  averaged  SAR  has  been  reduced  from  6  to  3  GHz.  3)  The  BRs  on  peak  spatial-average  SAR  have  been 
changed  from  1.6  W/kg  and  8  W/kg  for  the  lower  and  upper  tiers  to  2  W/kg  and  10  W/kg,  respectively,  and  the 
corresponding  averaging  mass  from  1  to  10  g  of  tissue  in  the  shape  of  a  cube.  For  the  extremities  (including 
forearms  and  lower  legs)  and  pinnae,  the  permitted  peak  SAR  averaged  over  10  g  of  tissue  is  now  20  W/kg  for  the 
upper  tier  and  4  W/kg  for  the  lower  tier.  4)  The  averaging  times  for  both  the  upper  and  lower  tiers  have  been 
changed  to  more  realistic  values  for  frequencies  above  3  GHz. 

Introduction 

The  purpose  of  IEEE  Std.  C95. 1-2005  [1]  is  to  provide  exposure  limits  (basic  restrictions  and  derived  limits)  to 
protect  against  established  adverse  effects  to  human  health  associated  with  exposure  to  RF  electric,  magnetic  and 
electromagnetic  fields  over  the  frequency  range  of  3  kHz  to  300  GHz.  This  standard  is  a  revision  of  IEEE  Std 
C95. 1-1991  (1999  edition)  [2]  and  IEEE  Std  C95. lb-2004  [3].  In  revising  the  standard,  findings  of  studies 
published  between  1950  and  December  2003*  were  considered,  including  those  studies  that  involve  low  level 
exposures  where  increases  in  temperature  could  not  be  measured  or  were  not  expected.  New  insights  gained  from 
improved  experimental  and  numerical  methods  and  a  better  understanding  of  the  effects  of  acute  and  chronic  RF 
electromagnetic  field  exposures  of  animals  and  humans  are  included.  A  lack  of  credible  scientific  and  medical 
reports  showing  adverse  health  effects  for  RF  exposures  at  or  below  corresponding  exposure  limits  in  past  standards 
supports  the  protective  nature  of  the  standards.  This  standard  for  the  first  time  includes  guidance  on  the  necessity  of 
an  RF  exposure  control  program  (C95. 7-2005)  [4]. 

Below  100  kHz,  the  effect  being  minimized  is  aversive  or  painful  electrostimulation.  Above  100  kHz  there 
can  be  a  sensation  of  heating,  which  is  not  considered  adverse.  The  limits  in  this  standard  may  not  prevent  such 


1  Although  the  literature  cutoff  date  was  December  2003,  several  papers  published  in  2004  and  2005  were  included. 
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thermal  sensations;  they  are  designed  to  protect  against  adverse  health  effects  resulting  from  tissue  heating,  the  only 
established  mechanism  relating  to  adverse  effects  of  exposure  to  RF  energy  at  frequencies  above  100  kHz. 

The  standard  consists  of  two  main  parts.  The  normative  part  includes  an  overview  of  the  document  (scope, 
purpose,  and  introduction),  references,  definitions,  and  recommendations.  The  informative  part  is  comprised  of  7 
Annexes,  with  the  first  three  explaining  the  revision  process,  summary  of  literature,  and  rationale  of  the  revision. 
Examples  of  practical  applications  are  shown  in  Annex  D.  The  last  three  annexes  are  glossary,  literature  database 
(with  1 143  references)  and  bibliography.  This  paper  summarizes  the  250  page  standard,  with  emphasis  on  the  new 
features.  For  details,  especially  on  the  literature  summary  of  about  1300  peer  reviewed  papers  (Annex  B)  and 
rationale  of  all  changes  (Annex  C),  please  refer  to  the  original  standard  [1]. 


Recommendations 

The  recommendations  are  expressed  in  terms  of  basic  restrictions  (BRs)  and  maximum  permissible  exposure  (MPE) 
values  (sometimes  called  reference  levels,  or  investigation  levels).  The  BRs  are  limits  on  internal  fields,  specific 
absorption  rate  (SAR),  and  current  density;  the  MPEs,  which  are  derived  from  the  BRs,  are  limits  on  external  fields 
and  induced  and  contact  current.  The  recommendations,  which  protect  against  effects  associated  with 
electrostimulation  and  tissue  and  whole  body  heating,  are  intended  to  apply  to  all  human  exposures  except  for 
exposure  of  patients  by,  or  under  the  direction  of,  physicians  and  medical  professionals. 

BRs  and  MPEs  for  frequencies  between  3  kHz  and  100  kHz 

Table  1  lists  basic  restrictions  for  particular  areas  of  the  body  in  terms  of  the  electric  field  within  the 
biological  tissue  (in  situ).  Two  parameters  are  listed  in  the  table:  the  rheobase  in  situ  field,  E0,  and  a  strength- 
frequency  parameter, /e.  Limits  are  determined  from  Table  1  as: 

E,  =  E0  for/  <  f 

Ei  =  E0  (f/f)  forf  >  f 

Where  E,  is  the  maximum  allowed  induced  in  situ  electric  field. 


Table  1  -  BRs  applying  to  various  regions  of  the  body 


Action  Level3 

Persons  in 
Controlled 
Environments 

Exposed  tissue 

/e 

E0  (rms) 

E0  (rms) 

(Hz) 

(V/m) 

(V/m) 

Brain 

20 

5.89xl0-3 

1.77xl0"2 

Heart 

167 

0.943 

0.943 

Extremities 

3350 

2.10 

2.10 

Other  tissues 

3350 

0.701 

2.10 

Within  this  frequency  range  the  term  “action  level”  is  equivalent  to  the  term  “general  public”. 


Table  2  lists  the  MPEs  for  the  magnetic  field  (flux  density,  B,  and  magnetic  field  strength,  H)  for  exposure  of 
the  head  and  torso.  The  averaging  time  for  an  rms  measurement  is  0.2  second. 
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Table  2  -  MPE  for  exposure  of  head  and  torso: /=  3  kHz  to  5  MHz 


Frequency  range 
(kHz) 

Action  Level 

Persons  in  Controlled 
Environments 

^rms 

Hxms 

/^rms 

-^rms 

(mT) 

(A/m) 

(mT) 

(A/m) 

3.0-3.35 

0.687// 

547// 

2.06// 

1640// 

3.35  -5000 

0.205 

163 

0.615 

490 

NOTE — /  is  expressed  in  kHz. 

The  MPEs  for  the  limbs  (entire  arms  and  legs)  are  listed  in  Table  3. 


Table  3  -  MPE  for  the  limbs:  /=  3  kHz  to  5  MHz 


Frequency  range 
(kHz) 

Action  Level 

Persons  in  Controlled 

Environments 

/^rms 

(mT) 

/Ams 

(A/m) 

/^rms 

(Mt) 

/Ams 

(A/m) 

3.0-3.35 

3.79// 

3016// 

3.79// 

3016// 

3.35  -5000 

1.13 

900 

1.13 

900 

NOTE — /is  expressed  in  kHz. 

Table  4  lists  MPEs  in  terms  of  the  undisturbed  (absent  a  person)  external  electric  field,  E. 


Table  4  -  Electric  field  MPE  -  whole  body  exposure: /=  3  kHz  to  100  kHz 


Action  Level 

Persons  in 
Controlled 
Environments 

Frequency  range 

E  (rms) 

E  (rms) 

(kHz) 

(V/m) 

(V/m) 

3  kHz  to  100  kHz 

614 

1842 

The  limits  in  Table  5  protect  against  adverse  electrostimulation  effects. 


319 


C-K  CHOU,  JA  D’ ANDREA,  RA  TELL,  JP  REILLY,  ER  ADAIR,  ET  AL. 


Table  5  -  RMS  induced  and  contact  current  limits  for  continuous  sinusoidal  waveforms, 

/=  3  kHz  to  100  kHz 


Condition 

Action  Level 
(mA) 

Persons  in  Controlled 
Environments 
(mA) 

Both  feet 

0.90/ 

2.00/ 

Each  foot 

0.45/ 

1.00/ 

a 

Contact,  grasp 

- 

1.00/ 

Contact,  touch 

0.167/ 

0.50/ 

NOTE  1 — /is  expressed  in  kHz. 

NOTE  2 — Limits  apply  to  current  flowing  between  the  body  and  a  grounded 
object  that  may  be  contacted  by  the  person. 

NOTE  3 — The  averaging  time  for  determination  of  compliance  is  0.2  s. 

a  The  grasping  contact  limit  pertains  to  controlled  environments  where  personnel 
are  trained  to  make  grasping  contact  and  to  avoid  touch  contacts  with  conductive 
objects  that  present  the  possibility  of  painful  contact. 


BRs  and  MPEs  for  frequencies  between  100  kHz  and  3  GHz 

The  whole-body-average  BRs  shown  in  Table  6  are  based  on  established  adverse  health  effects  associated  with 
heating  of  the  body  during  whole-body  exposure.  Consistent  with  the  approach  used  in  the  prior  standard  to  derive 
exposure  limits,  a  traditional  safety  factor  of  ten  (10)  has  been  applied  to  the  established  SAR  threshold  for  such 
effects,  yielding  an  SAR  of  0.4  W/kg  averaged  over  the  whole  body.  In  the  absence  of  an  RF  safety  program,  the 
BRs  of  the  lower  tier  (action  level)  may  also  be  used  for  the  general  public.  Applied  to  members  of  the  general 
public,  the  lower  tier  provides  more  assurance  that  continuous,  long-term  exposure  of  all  individuals  in  the 
population,  will  be  without  risk  of  adverse  effects.  The  localized  exposure  BRs  shown  in  Table  6  are  established  to 
protect  against  excessive  temperature  rise  in  any  part  of  the  body  that  might  result  from  localized  or  non-uniform 
exposure.  When  averaging  SAR  over  a  10-g  volume  of  tissue  in  the  extremities  and  the  pinnae,  only  SAR  values  for 
that  tissue  may  be  considered.  If  any  cubic  volume  contains  tissue  from  both  the  body  and  the  extremities  or  pinna, 
each  must  be  considered  separately. 


Table  6  -  BRs  for  frequencies  between  100  kHz  and  3  GHz 


Action  Level a 
SARb  (W/kg) 

Persons  in  Controlled 
Environments 

SARC  (W/kg) 

Whole-body  exposure 

(Whole-Body  Average —  WBA) 

0.08 

0.4 

Localized  exposure 

(Local  peak  spatial-average) 

2C 

10c 

Localized  exposure 

(Extremities'*  and  pinnae) 

4C 

20c 

a  BR  for  the  general  public  when  an  RF  safety  program  is  unavailable. 
b  SAR  is  averaged  over  the  appropriate  averaging  times  as  shown  in  Table  8  and  Table  9. 
c  Averaged  over  any  10  g  of  tissue  (defined  as  a  tissue  volume  in  the  shape  of  a  cube)2. 
d  The  extremities  are  the  arms  and  legs  distal  from  the  elbows  and  knees,  respectively. 


2  The  volume  of  the  cube  is  approximately  10  cm3. 


320 


NEW  IEEE  C95. 1-2005  RF  SAFETY  STANDARD 


Contact  and  induced  current  limits,  100  kHz  to  110  MHz 

In  the  transition  region  of  100  kHz  to  5  MHz,  two  sets  of  contact  and  induced  current  limits  apply.  The  limits  in 
Table  5  protect  against  effects  associated  with  electrostimulation  and  the  limits  in  Table  7  protect  against  effects 
associated  with  tissue  heating.  Contact  and  induced  current  shall  both  be  limited  as  specified  in  Table  7. 


Table  7  -  RMS  induced  and  contact  current  limits  for  continuous  sinusoidal  waveforms, 

/=  100  kHz  to  110  MHz 


Condition 

Action  Level a 
(mA) 

Persons  in  Controlled 
Environments 
(mA) 

Both  feet 

90 

200 

Each  foot 

45 

100 

Contact,  graspb 

- 

100 

Contact,  touch 

16.7 

50 

NOTE  1 — Limits  apply  to  current  flowing  between  the  body  and  a  grounded 
object  that  may  be  contacted  by  the  person. 

NOTE  2 — The  averaging  time  for  determination  of  compliance  is  6  minutes. 

a  MPE  for  the  general  public  in  absence  of  an  RE  safety  program. 

b  Grasping  contact  limit  pertains  to  controlled  environments  where  personnel  are 
trained  to  make  grasping  contact  and  to  avoid  touch  contacts  with  conductive 
objects  that  present  the  possibility  of  painful  contact 


BRs  for  frequencies  between  3  GHz  and  300  GHz 

BRs  to  protect  against  adverse  effects  associated  with  heating  are  established  for  incident  power  density  for 
frequencies  between  3  GHz  and  300  GHz.  Such  restrictions  are  derived  with  consideration  of  adverse  effects 
thresholds  (based  on  the  literature  review  and  evaluation),  their  distribution  among  the  population,  and  safety 
factors.  The  BRs  for  frequencies  between  3  GHz  and  300  GHz  are  the  same  as  the  corresponding  MPEs  shown  in 
Table  8  and  Table  9,  and  are  considered  appropriate  for  all  human  exposure. 
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Table  8  -  MPE  for  the  upper  tier  (people  in  controlled  environments) 


Frequency  range 
(MHz) 

RMS  electric  field 
strength  (E)a 
(V/m) 

RMS  magnetic  field 
strength  (H)a 
(A/m) 

RMS  power  density  (S) 
E-field,  H-field 
(W/m2) 

Averaging  time 
\E\\  | Hf  or  S 
(min) 

0.1— 1.0 

1842 

16.3  //M 

(9000,  100  000  //M2)  b 

6 

1.0-30 

1 842/ /M 

16.3  //M 

(9000  //M  2,  100  000  //M2) 

6 

30-100 

61.4 

16.3 //m 

(10,  100  000  //M2) 

6 

100-300 

61.4 

0.163 

10 

6 

300-3000 

— 

— 

/m/30 

6 

3000-30  000 

— 

— 

100 

19.63  //g1'079 

30  000-300  000 

— 

— 

100 

2.524  //G°'476 

NOTE— -fM  is  the  frequency  in  MHz ,/G  is  the  frequency  in  GHz. 

aFor  exposures  that  are  uniform  over  the  dimensions  of  the  body,  such  as  certain  far-fieid  plane-wave  exposures,  the  exposure  field 
strengths  and  power  densities  are  compared  with  the  MPEs  in  the  Table.  For  non-uniform  exposures,  the  mean  values  of  the 
exposure  fields,  as  obtained  by  spatially  averaging  the  squares  of  the  field  strengths  or  averaging  the  power  densities  over  an  area 
equivalent  to  the  vertical  cross  section  of  the  human  body  (projected  area),  are  compared  with  the  MPEs  in  the  Table. 

bThese  plane-wave  equivalent  power  density  values  are  commonly  used  as  a  convenient  comparison  with  MPEs  at  higher  frequencies 
and  are  displayed  on  some  instalments  in  use. 
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Table  9  -  Action  level  (MPE  for  the  general  public  when  an  RF  safety  program  is  unavailable) 


Frequency  range  (MHz) 

RMS  electric  field 
strength  (E)a 
(V/m) 

RMS  magnetic  field 
strength  (H)a 
(A/m) 

RMS  power  density  (S) 
E-field,  H-field 
(W/m2) 

Averaging  time 
|-Ej2,  |H|2  or  A  b 
(min) 

0.1-1.34 

614 

16.3  //M 

(1000,  100  000  //M2) c 

6 

6 

1.34-3 

823.8  //M 

16.3  //M 

(1800/  /m  2,  100  000  //M2) 

/m  /  0.3 

6 

3-30 

823.8  //M 

16.3  //M 

(1800/  /m  2,  100  000  //M2) 

30 

6 

30-100 

27.5 

158.3  //M  1668 

(2,  9  400  000  //M3'336) 

30 

0.0636/m  1337 

100^100 

27.5 

0.0729 

2 

30 

30 

400-2000 

— 

— 

/m/200 

30 

2000-5000 

— 

— 

10 

30 

5000-30  000 

— 

— 

10 

150 //0 

30  000-100  000 

— 

— 

10 

25.24  /fa  0476 

100  000-300  000 

— 

— 

(90/g  -7000)/200 

5048/[(9/g-700)/g°-476] 

NOTE— -fM  is  the  frequency  in  MHz ,fG  is  the  frequency  in  GHz. 

a  For  exposures  that  are  uniform  over  the  dimensions  of  the  body,  such  as  certain  far-field  plane-wave  exposures,  the  exposure  field 
strengths  and  power  densities  are  compared  with  the  MPEs  in  the  Table.  For  non-uniform  exposures,  the  mean  values  of  the  exposure 
fields,  as  obtained  by  spatially  averaging  the  squares  of  the  field  strengths  or  averaging  the  power  densities  over  an  area  equivalent  to 
the  vertical  cross  section  of  the  human  body  (projected  area),  are  compared  with  the  MPEs  in  the  Table. 

bThe  left  column  is  the  averaging  time  for  \E\2,  the  right  colum  is  the  averaging  time  for  \H\2.  For  frequencies  greater  than  400  MHz,  the 
averaging  time  is  for  power  density  S. 

c  These  plane-wave  equivalent  power  density  values  are  commonly  used  as  a  convenient  comparison  with  MPEs  at  higher  frequencies  and 
are  displayed  on  some  instalments  in  use.  ^ 
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RF  safety  programs 

Throughout  the  RF  spectrum  applicable  to  this  standard,  the  MPEs  apply  to  exposure  of  people,  i.e.,  compliance 
with  this  standard  is  determined  by  whether  or  not  exposures  of  people  to  RF  fields,  currents  and  voltages 
exceed  the  applicable  MPEs.  Where  there  may  be  access  to  RF  fields,  currents,  and/or  voltages  that  exceed  the 
lower  tier  (Action  Level)  of  this  standard,  an  RF  safety  program  such  as  detailed  in  IEEE  Std  C95. 7-2005  [4] 
shall  be  implemented  to  ensure  that  exposures  do  not  exceed  the  MPEs  or  BRs  for  persons  in  a  controlled 
environment. 

Similarities  and  differences  between  this  standard  and  IEEE  Std  C95.1-1991 
Similarities: 

a)  All  relevant  reported  biological  effects  at  either  low  (“non-thermal”)  or  high  (“thermal”)  levels  were 
evaluated.  Research  on  the  effects  of  chronic  exposure  and  speculations  on  the  biological  significance  of 
low-level  interactions  have  not  changed  the  scientific  basis  of  the  adverse  effect  level. 

b)  WBA  and  peak  spatial-average  SAR  remain  the  basic  restrictions  of  exposure  over  much  of  the  RF 
spectrum.  The  whole  body  average  SAR  values  remain  the  same  as  in  IEEE  Std  C95. 1-1991,  i.e.,  0.4  and 
0.08  W/kg. 

c)  The  MPE  for  exposures  in  controlled  environments  remain  the  same  as  in  IEEE  Std  C95. 1-1991. 

d)  The  averaging  time  remains  six  minutes  for  frequencies  below  3  GHz  for  effects  associated  with  tissue 
heating.  For  electrostimulation  effects,  the  averaging  time  is  0.2  s  for  an  rms  measurement.  Peak 
electrostimulation  limits  apply  to  instantaneous  values  within  the  applicable  bandwidth. 

Differences: 

a)  IEEE  Std  C95.1-1991  contains  two  tiers;  an  upper  tier  for  “exposures  in  controlled  environments”  and  a 
lower  tier  for  “exposures  in  uncontrolled  environments.”  In  this  standard,  two  tiers  have  also  been  set. 
As  in  the  1991  standard,  an  upper  tier  has  been  set  for  exposure  of  persons  in  controlled  environments. 
While  the  weight  of  scientific  evidence  supports  the  conclusion  that  no  measurable  risk  is  associated  with 
RF  exposures  less  than  the  upper  tier  of  this  standard,  it  is  impossible  to  scientifically  prove  absolute 
safety  (the  null  hypothesis).  Thus  a  lower  tier  has  been  set  with  an  extra  margin  of  safety  that  applies  to 
all  other  individuals.  The  lower  tier,  called  an  “action  level,”  recognizes  public  concerns,  takes  into 
account  uncertainties  in  laboratory  data  and  in  exposure  assessment,  and  supports  the  process  of 
harmonization  with  other  standards,  e.g.,  the  NCRP  recommendations  [6]  and  the  ICNIRP  guidelines  [7]. 
For  practical  purposes,  the  lower  tier  may  be  used  for  the  general  public  or  as  an  action  level,  above 
which  an  RF  safety  program  shall  be  implemented  to  protect  against  exposures  that  exceed  the  upper  tier. 

b)  The  upper  frequency  boundary  over  which  whole  body  average  SAR  is  deemed  to  be  the  basic  restriction 
has  been  reduced  from  6  GHz  to  3  GHz. 

c)  The  long-term  MPEs  for  the  lower  tier  are  different  from  those  in  IEEE  Std  C95.1-1991  and  are  in 
general  more  restrictive  between  300  MHz  and  300  GHz. 

d)  The  peak  spatial-average  SAR  values  have  been  changed  from  1 .6  W/kg  and  8  W/kg  for  lower  and  upper 
tiers  to  2  W/kg  and  10  W/kg,  respectively. 

e)  The  averaging  mass  for  determining  the  peak  spatial-average  SAR  has  been  changed  from  1  g  of  tissue  in 
the  shape  of  a  cube  to  10  g  of  tissue  in  the  shape  of  a  cube. 

f)  Although  implicit  in  previous  versions  of  IEEE  Std  C95.1,  the  present  standard  explicitly  relies  on  “basic 
restrictions”. 

g)  The  standard  now  requires  the  development  and  implementation  of  an  RF  safety  program  in  controlled 
environments. 

h)  The  averaging  time  for  both  the  upper  and  lower  tiers  has  been  changed  for  frequencies  above  3  GHz. 

i)  The  upper  frequency  at  which  maximum  induced  and  contact  currents  are  specified  is  now  110  MHz 

compared  with  100  MHz  in  the  previous  standard. 

j)  The  frequency  at  which  the  upward  ramp  begins  for  the  relaxation  of  the  power  density  limits  for 
localized  exposure  has  been  changed  from  6  GHz  to  3  GHz. 

k)  In  recognition  of  the  differing  impact  of  exposure  to  particular  frequencies,  the  standard  provides  sections 

devoted  to  three  frequency  bands:  3  kHz  to  5  MHz,  100  kHz  to  3  GHz  and  3  GHz  to  300  GHz.  The 
limits  in  the  first  band  minimize  adverse  effects  associated  with  electrostimulation.  This  overlaps  the 

second  band  where  the  limits  also  protect  against  effects  associated  with  heating.  The  limits  in  the  third 

band  protect  against  effects  associated  with  heating.  Differences  within  each  of  those  bands  are  provided 
below. 
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Features: 

a)  3  kHz  to  5  MHz  -  The  standard  defines  basic  restrictions  (BR)  in  terms  of  the  in  situ  (within  biological 
tissue)  electric  fields  for  different  regions  of  the  body.  Magnetic  field  MPEs  are  specified  for  the  arms 
and  legs  and  for  the  head  and  torso,  but  compliance  with  the  standard  can  be  demonstrated  for  uniform 
sinusoidal  magnetic  fields  by  showing  that  either  the  in  situ  electric  field  BR  or  the  magnetic  field  MPE 
is  satisfied.  If  the  magnetic  field  is  not  constant  over  the  head  and  torso,  it  is  sufficient  to  demonstrate 
that  the  basic  restrictions  are  satisfied,  or  that  the  spatial  peak  of  the  magnetic  field  MPE  is  not  exceeded. 
Based  on  current  knowledge  of  adverse  effects  on  humans  within  this  frequency  range,  the  whole  body 
electric  field  MPE  for  the  controlled  environment  has  been  increased.  Similarly,  the  magnetic  field 
MPEs,  with  separate  requirements  for  body  portions  as  noted  above,  have  been  increased  for  both  the 
general  public  and  controlled  environments  and  have  been  made  frequency  dependent.  Averaging  time 
for  an  RMS  measurement  is  0.2  second.  Formulas  have  been  included  for  determining  maximum 
permitted  peak  electric  fields  for  both  in  situ  and  environmental  considerations. 

b)  100  kHz  to  3  GHz  -  In  this  frequency  range  where  SAR  is  the  controlling  criterion,  the  revised  standard 
confirms  the  presumed  threshold  whole  body  average  SAR  of  4  W/kg  for  potentially  adverse  effects. 
Localized  exposure  restriction  criteria  (peak  spatial-average  SAR)  have  been  changed  for  both  the  upper 
and  lower  tiers.  Peak  spatial  average  SAR  for  any  body  tissue  including  the  hands,  wrists,  forearms,  feet, 
ankles,  lower  legs  and  pinnae,  is  required  to  be  determined  over  10  g  of  tissue  in  the  shape  of  a  cube. 
Peak  spatial  average  SAR  for  the  10-g  sample  is  to  be  no  greater  than  10  W/kg  for  the  upper  tier  and 
2  W/kg  for  the  lower  tier.  For  the  hands,  wrists,  forearms,  feet,  ankles,  lower  legs  and  pinnae,  the 
permitted  peak  spatial  average  remains  as  specified  previously  in  10  g  of  tissue,  i.e.,  20  W/kg  for  the 
upper  tier  and  4  W/kg  for  the  lower  tier.  The  contact  current  limits  for  the  frequency  range  of  100  kHz  to 
110  MHz  have  been  subdivided  into  touch  and  grasping  conditions,  with  the  grasping  condition  confined 
to  the  controlled  environment.  The  permissible  touch  contact  current  has  been  reduced  for  both  the 
controlled  environment  and  the  general  public.  The  lower  part  of  this  frequency  range,  i.e.,  100  kHz  to  5 
MHz,  is  a  transition  region  where  the  limits  protecting  against  electrostimulation  and  the  limits  protecting 
against  effects  associated  with  heating  must  be  met. 

c)  3  GHz  to  300  GHz  -  In  this  frequency  range,  the  interactions  become  quasi-optical,  and  the  MPEs  are 
expressed  in  terms  of  incident  power  density  and  exposure  duration.  The  principal  change  in  the  standard 
has  been  in  the  MPE  frequency  dependence  above  300  MHz  for  the  lower  tier  (general  public). 

Summary 

IEEE  C95. 1-2005  provides  recommendations  to  protect  against  established  adverse  effects  in  human  beings 
exposed  to  electromagnetic  fields  in  the  frequency  range  from  3  kHz  to  300  GHz.  Similarities  and  differences 
from  the  IEEE  C95. 1-1991  (and  its  two  amendments)  are  discussed.  A  notable  revision  to  the  new  standard  is 
the  recommendation  of  peak  spatial  average  SAR  of  2  and  10  W/kg  averaged  over  10  g  tissue  for  the  lower  and 
upper  tier  limits,  respectively.  This  revision  resolves  a  major  harmonization  issue  with  other  RF  standards  and 
guidelines.  Cooperative  efforts  should  be  continued  to  achieve  internationally  harmonized  exposure  limits. 
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Abstract 

This  paper  presents  a  review  of  the  dosimetry  in  the  UK  Mobile  Telecommunications  and  Health  Research 
(MTHR)  programme.  It  describes  the  exposure  systems  used  in  the  human  volunteer  studies,  their  output 
characteristics,  and  the  rationale  behind  their  specifications.  It  also  describes  how  traceability  to  national 
standards  was  established  for  the  in  vitro  studies.  Problems  encountered  during  the  development  of  these  systems 
are  also  presented. 

Introduction 

The  Link  Mobile  Telecommunications  and  Health  Research  Programme  (MTHR)  resulted  from  the  publication 
of  the  report  by  the  Independent  Expert  Group  on  Mobile  Phones  [1].  The  MTHR  has  funded  research  in  the  UK 
to  a  value  of  £8.8  million  to  investigate  the  impact  of  mobile  telecommunications  on  health.  In  determining  the 
research  priorities,  the  programme  has  sought  to  take  into  account  public  concerns  about  mobile  communications 
technology  as  well  as  other  research  conducted  nationally  and  internationally.  To  date,  MTHR  has  funded  twenty 
projects,  and  another  six  projects  have  been  funded  as  an  adjunct  to  the  programme  by  the  UK  Department  for 
Trade  and  Industry  or  the  Home  Office.  Effective  and  accurate  dosimetry  is  essential  if  meaningful  conclusions 
are  to  be  drawn  from  these  studies.  Under  the  programme,  the  National  Physical  Laboratory  (NPL)  has  provided 
dosimetry  support  to  the  research  projects.  This  support  has  included  advice  regarding  the  specification  of 
exposure  systems,  independent  verification  that  the  systems  used  meet  these  specifications,  and  calibration  to 
provide  traceability  to  National  Standards.  Staff  at  NPL  have  also  measured  and  characterised  other  aspects  of 
the  systems’  performance,  such  as  the  low  frequency  magnetic  fields  that  they  emit  [2], 

For  dosimetry  purposes,  the  studies  fall  into  the  following  categories:  human  volunteer  studies  on  handset 
exposure,  human  volunteer  studies  on  base  station  exposure,  in  vitro  studies,  in  vivo  studies,  and  epidemiology. 
This  paper  considers  the  exposure  systems  used  for  the  human  volunteer  and  in  vitro  studies.  It  provides  a 
description  of  the  devices  used  for  generating  the  exposures,  the  rationale  behind  the  choice  of  signal 
characteristics  and  exposure  levels,  and  problems  that  were  encountered  during  their  development.  The  paper 
also  examines  how  traceability  to  National  Standards  was  established  for  exposures  in  the  in  vitro  studies,  and 
how  the  systems  were  characterised  at  NPL. 

1.  Human-volunteer  studies 

Handset  exposure.  During  typical  phone  use  there  is  a  wide  variation  in  exposure.  This  is  dependent  on  the 
phone  type,  radio  reception  conditions,  pattern  of  speech  or  type  of  data  sent,  the  way  the  phone  is  held,  and 
whether  it  is  used  in  the  left  or  right  hand.  Along  with  the  RF  signals,  the  phone  will  generate  low  frequency 
magnetic  fields  caused  by  the  pulsed  nature  of  the  battery  currents  and  static  magnetic  fields  caused  by  the 
earpiece  in  the  phone.  Movement  of  the  phone  may  modulate  such  static  fields  during  use.  There  will  be  some 
heating  of  the  skin  in  the  region  of  the  phone  because  the  circuits  dissipate  heat  and  the  use  of  the  phone  may 
also  affect  the  subject’s  posture.  All  of  these  factors  could  potentially  affect  the  outcomes  of  human  volunteer 
studies.  It  would  be  impossible  to  encompass  all  possible  variations  in  exposure  conditions  within  a  single 
experiment.  Practical  considerations  limit  the  duration  of  test  sessions  for  human  volunteer  studies,  and  therefore 
the  number  of  exposure  conditions  that  can  be  tested.  Whilst  a  system  could  be  designed  to  generate  uniform 
exposure  to  cover  all  possible  regions  exposed  during  phone  use,  such  a  system  would  not  give  realistic  patterns 
of  exposure,  and  in  particular,  any  effects  due  to  the  field  gradients  in  the  head  would  not  be  apparent. 

MCL  (www.mcluk.org),  in  collaboration  with  the  Department  of  Electronics  at  York  University,  developed  the 
handsets  that  were  used  for  all  the  human  volunteer  studies  on  handset  exposure  within  the  MTHR  programme 
(Fig.  1).  These  handsets  are  designed  to  give  accurate  and  reproducible  exposures  representative  of  those  from 
GSM  [3]  or  TETRA  [4]  phones,  and  to  facilitate  double-blind  experiments.  The  handsets  are  battery  powered,  to 
allow  free  movement  of  the  subjects  during  the  tests  and  also  to  avoid  coupling  effects  that  occur  if  a  cable 
connects  the  antenna  to  the  signal  source.  They  can  operate  for  approximately  one  hour  before  the  batteries  need 
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charging  and  there  is  an  audible  low  battery  warning.  They  operate  as  “stand  alone”  transmitters  without  the 

Three  modes  of  exposure  were  used  for  the  MTHR  studies;  pulsed 
mode  (GSM  or  TETRA),  continuous  wave  (CW)  mode,  which 
produces  an  unmodulated  signal  with  the  same  frequency  and 
average  power  as  the  pidsed  mode,  and  sham  mode.  CW  mode  was 
included  to  determine  whether  any  observed  effects  are  due  to  the 
pulsed  nature  of  mobile  phone  signals.  Selection  of  the  mode  of 
operation  is  by  two  16-position  rotary  switches,  the  codes  for  each 
mode  being  assigned  randomly  for  each  handset  and  held  by  the 
manufacturer.  This  facilitates  double  blind  experiments.  The 
characteristics  of  the  output  from  the  handsets  in  each  mode  are 
shown  in  Table  1. 

Figure  1:  Picture  of  the  MTHR  handsets.  Front  and  rear  view.  The  antenna  is  angled  slightly  towards  the  head  to 
increase  specific  absorption  rate  (SAR)  level.  Visible  are  two  rotary  mode  switches  and  RF  test  connector  used 


to  check  correct  operation  prior  to  test  sessions. 

_ Table  1:  Comparison  of  exposure  modes. 


Output  characteristics 

GSM  or  TETRA 

Mode 

Sham 

CW 

RF  exposure  level 

1.4  Wkg"1 

1.4  Wkg'1 

0.002  Wkg'1 

Pulse  modulation  of  signals 

Yes 

No 

No 

Low  frequency  magnetic  fields 

Yes 

No 

No 

Static  magnetic  field 

Yes 

Yes 

Yes 

Heat  dissipation  from  circuits  in  phone 

Yes 

Yes 

Yes 

The  characteristics  of  the  modulation  for  the  GSM  and  TETRA  modes  are  given  in  Table  2.  The  transmission 
frequency  was  chosen  to  be  888  MHz  for  the  GSM  handset  and  381  MHz  for  the  TETRA  phone.  The  GSM 
handset  frequency  is  just  outside  the  normal  operating  band  of  the  GSM  system,  and  this  is  to  avoid  interference 
with  operational  networks.  Signal  modulation  gives  rise  to  a  low  frequency  magnetic  field,  which  is  the  case  for 
a  real  phone,  and  these  are  shown  in  Fig.  2.  In  the  sham  mode,  the  CW  signal  is  generated  and  a  switch  diverts 
the  signal  to  an  internal  load  so  that  the  antenna  does  not  transmit  it.  This  gives  the  same  battery  life  and 
operating  temperature  as  the  transmitting  modes,  which  is  a  requirement  for  double  blinding.  The  sham  mode 
therefore  produces  the  same  static  magnetic  field  as  the  CW  mode.  The  circuit  boards  within  the  handset  also 
radiate  electromagnetic  fields  in  the  sham  mode  and  this,  rather  than  the  performance  of  the  RF  switch  used, 
limits  the  degree  of  isolation  that  can  be  achieved.  In  the  “sham”  mode  the  exposure  level  is  reduced  by  at  least 
20  dB  compared  to  the  exposed  modes.  The  field  level  in  air  at  10  cm  from  the  handset  is  between  0.5  Vm'1 2  and 
1  Vm"1  for  the  sham  mode,  compared  to  13  V/m  for  the  CW  exposed  mode. 


Table  2:  Main  characteristics  of  GSM  &  TETRA  signals. 


GSM 

TETRA 

Handset  characteristics 

Included  in 
MTHR 
handset 

Handset  characteristics 

Included  in 
MTHR 
handset 

GSM  900 

Yes 

Voice  plus  data  mode  (V  +  D) 

Yes' 

GSM  1800 

No 

Direct  mode  (DMO) 

No 

GSMK  mask  for  pulse  shape  (GSM) 

Yes 

Packet  data  optimised  mode  (PDO) 

No 

PSK  modulation  (GSM) 

Yes 

DQPSK  modulation  3 

Yes 

Super-  and  Hyper-frame  structures. 

Yes 

Hyper  and  Multi-frame  structure 

Yes 

Variation  in  slot  transmit  power 
(adaptive  power  control) 

No 

Variation  in  slot  transmit  power 
(adaptive  power  control) 

No 

GSM  DTX  mode1 

No1 

Correct  pulse  shape 

Yes 

Frequency  hopping 

No 

Frequency  hopping 

No 

Multi-slot  operation 

No 

Multi-slot  operation 

No 

Notes: 

1.  The  handsets  have  this  capability,  but  it  was  not  used  for  the  MTHR  trials.  Discontinuous  Transmission 
(DXT)  mode  will  alter  the  low  frequency  magnetic  fields  produced  by  the  handset. 

2.  V  +  D  is  the  most  common  mode  of  operation  for  TETRA.  Only  voice  communication  is  included. 

3.  DQPSK  =  TI/4  Differential  Quaternary  Phase  Shift  Keying. 
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Figure  2.  Magnetic  field  from  MTHR  handsets  in  GSM  and  TETRA  “exposed”  mode  [2]. 

SAR  is  the  specific  absorption  rate  of  RF  energy  in  tissues  in  watts  per  kilogram  (Wkg'1).  The  target  level  for  the 
GSM,  CW  and  TETRA  exposures  was  chosen  as  1.4  Wkg"1  averaged  over  a  10  g  mass.  This  is  the  highest  level 
that  ensures  volunteers  will  not  be  exposed  above  the  ICNIRP  limit  of  2  Wkg"1  for  public  exposure,  allowing  for 
the  uncertainty  of  the  dosimetry.  Most  available  GSM  handsets  are  designed  to  comply  with  IEEE  limit  [5]  of 
1.6  Wkg"1  averaged  over  a  10  g  mass,  so  this  level  is  representative  of  GSM  phones.  TETRA  handsets  with  1  W 
peak  power  produce  similar  SAR  levels  to  GSM  phones  when  used  in  voice  communication  mode  [6,  7]. 
Elowever,  TETRA  handsets  having  3  W  peak  power  can  produce  higher  SAR  levels  [7].  The  SAR  from  each 
handset  was  measured  to  an  accuracy  of  ±  30  %  by  an  accredited  test  laboratory  and  was  checked  and  adjusted 
periodically  during  the  studies.  The  handsets  incorporate  a  test  mode  that  allows  the  modulated  or  CW  signal  to 
be  measured  with  a  power  meter  prior  to  each  test  session,  to  confirm  that  the  handset  is  operating  correctly. 
Fig.  3  shows  the  measured  SAR  distribution  from  the  GSM  handset.  The  10  g  averaged  SAR  from  the  antenna  is 
1.4  Wkg"1.  The  10  g  averaged  SAR  in  the  region  of  the  body  of  the  handset  is  0.4  Wkg"1. 


dB 

0 


Figure  3.  SAR  distributions  from  the  MTHR  GSM  handset  (reproduced  courtesy  MCL  Ltd),  (a)  Position  of  the 
handset  for  left  hand  exposures,  (b)  SAR  distribution  from  antenna,  (c)  SAR  distribution  from  circuits  in  the 
handset. 

Both  left  hand  and  right  hand  use  of  the  phone  were  considered  in  the  studies.  The  phone  was  positioned  in  the 
“cheek  position”  defined  in  [8]  when  used  on  the  left-hand  side  of  the  head.  When  used  on  the  right-hand  side  of 
the  head,  it  was  shifted  upwards  from  this  position  by  4  cm.  This  ensures  that  the  position  of  the  maximum  SAR 
relative  to  the  ear  remains  the  same  for  both  sides  of  the  head,  even  though  the  antenna  is  not  located 
symmetrically  on  the  handset.  The  region  of  brain  exposed  may  affect  whether  a  particular  effect  is  detected. 
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From  switch  on  to  the  point  the  low  battery  audible  warning  activates,  there  is  a  gradual  reduction  in  the  power 
radiated  by  the  handset,  as  shown  in  Fig.  4.  Note  that  during  all  sessions,  the  handsets  are  switched  on  three 
minutes  prior  to  beginning  the  tests. 
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Figure  4.  Change  in  radiated  power  versus  time  from  switch  on.  (a)  GSM  handset,  (b)  TETRA  handset 


Achieving  double  blinding  for  the  handsets  was  quite  challenging.  Each  mode  of  operation  must  discharge  the 
battery  at  the  same  rate,  must  result  in  the  same  degree  of  heating  of  the  handset,  and  produce  no  audible  or 
visual  indications.  Initial  trials  of  the  handsets  showed  that  they  got  hotter  in  CW  mode  than  modulated  mode, 
and  subjects  were  able  to  detect  this  difference.  Adding  an  additional  resistor  to  generate  heat  in  the  pulsed  mode 
rectified  this,  but  meant  the  handsets  may  get  slightly  hotter  than  is  the  case  for  a  normal  phone.  In  very  quiet 
environments,  some  subjects  were  able  to  hear  a  clicking  noise  from  the  battery  when  the  handset  was  in  pulsed 
modes.  Some  low-level  background  noise  was  necessary  to  mask  this  sound  during  the  experiments. 


Studies  look  for  differences  in  a  measurable  response  resulting  from  the  different  exposure  modes.  Given  the 
nature  of  the  three  exposure  conditions  from  the  MTF1R  handsets,  studies  using  the  handsets  would  show: 
1 .  Effects  that  are  due  to  GSM  or  TETRA  signals  from  the  handset  in  the  presence  of  static  magnetic  fields,  low 
frequency  magnetic  fields  and  contact  heating  that  is  typical  of  a  real  phone.  2.  Effects  arising  from  a  CW  signal 
whose  severity’  increase  with  exposure  level.  Flowever,  the  following  are  not  tested,  since  these  are  present  in 
both  the  exposed  and  sham  conditions:  1.  Effects  due  to  CW  signals  with  a  threshold  that  is  below  the  sham  level 
and  whose  severity  does  not  increase  with  exposure  level.  2.  An  effect  arising  solely  from  the  static  magnetic 
field  of  the  handset.  3.  Effects  caused  solely  by  the  very  slight  heating  of  the  head  that  occurs  through  contact 
with  the  warm  phone. 

Base  Station  exposure.  Base  stations  may  have  multiple  traffic  and  control  channels.  The  control  channels 
always  have  full  slot  occupancy  and  maximum  power  level.  The  traffic  channels  have  variable  slot  occupancy, 
and  some  designs  have  variable  power  level  for  the  bursts  (down-link  power  control).  The  inter-slot  guard  period 
that  separates  bursts  are  synchronised  between  channels.  In  real-life  situations,  the  signal  is  reflected  and 
attenuated  by  buildings  and  structures.  As  a  person  moves  through  the  field,  the  amplitude  of  the  signal  may 
increase  and  decrease  (fading  multi-path).  They  will  be  exposed  to  many  different  radio  signals  simultaneously. 
The  height  of  the  antenna  and  the  elevation  pattern  mean  exposure  may  not  decrease  with  distance  from  the 
antenna.  Base  stations  may  generate  electromagnetic  fields  other  than  the  transmitted  signals,  but  these 
emissions  are  limited  by  the  GSM  specifications  [3], 


The  base  station  exposure  system  used  by  MTHR  was  developed  by  Red-M  Ltd  [9],  and  installed  at  the 
University  of  Essex  in  an  absorber-lined  screened  room  supplied  by  NPL.  The  system  provides  three  exposure 
modes;  GSM  mode,  UMTS  mode  and  sham  mode.  The  sequence  of  exposure  for  each  test  session  is  determined 
by  a  test  code  that  is  assigned  to  each  volunteer  in  the  study,  and  these  are  randomised.  This  facilitates  double 
blinding  of  the  studies.  In  addition  there  is  an  open  provocation  mode.  Fading  multi-path  effects  were  not 
simulated  in  the  exposure  system.  Whilst  fading  multi-path  simulators  to  represent  different  environments  are 
available,  this  would  have  added  considerably  to  the  cost  of  the  exposure  system,  and  the  choice  of  which 
environment  to  simulate  would  be  difficult.  The  system  uses  a  Rhode  and  Schwarz  SMU  200A  digital  signal 
generator.  For  GSM  mode,  the  amplitude-quadrature  (I/Q)  data  of  the  traffic  and  control  channels  is  generated 
externally  and  sent  to  the  modulation  inputs  of  the  signal  generator.  An  external  circuit  then  adds  the  inter-slot 
guard  period  to  give  the  correct  pulse  shape.  As  a  result  the  data  sent  is  not  synchronised  to  the  bursts.  For 
UMTS,  the  signal  generator  generates  the  signal  internally.  In  the  sham  mode  the  modulation  and  RF  output 
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from  the  signal  generator  are  turned  off.  The  signals  are  amplified  before  being  transmitted  by  a  vertically 
polarised  log  periodic  dipole  array  (LPDA)  located  inside  the  screened  room.  The  antenna  is  at  a  distance  of  5  m 
from  the  subject  and  is  concealed  behind  a  curtain.  Forward  and  reverse  power  to  the  antenna  are  monitored 
prior  to  test  sessions  to  confirm  correct  operation  of  the  system.  To  reduce  the  field  level  that  is  present  in  the 
sham  mode,  the  signal  generator  and  amplifier  are  located  outside  the  screened  room  used  for  the  exposures.  The 
system  is  calibrated  every  six  months  during  the  study  to  ensure  that  its  output  remains  stable. 

The  total  power  density  in  the  GSM  mode  and  also  the  UMTS  signal  is  10  mWm"2  ±  30%.  The  choice  of  this 
exposure  level  was  based  on  a  detailed  survey  of  seventeen  macro-cellular  base  station  sites  in  the  UK,  which 
found  a  maximum  power  density  of  8.3  mWm'2  [10].  Exposure  to  members  of  the  public  from  Microcell  and 
Picocell  base  stations  may  exceed  100  mWm'2  [11],  so  this  does  not  represent  a  maximum  exposure  for  all  types 
of  base  station.  The  variation  in  power  density  over  the  region  occupied  by  the  seated  volunteer  (a  1  m  by  0.9  m 
plane  orthogonal  to  the  antenna  boresight)  is  no  more  than  ±  3.2  dB.  The  power  density  in  the  sham  mode  is 
54  dB  lower  than  for  the  transmit  mode,  and  is  a  CW  signal. 

The  GSM  signal  is  representative  of  a  GSM  macro-cell  base  station  without  downlink  power  control  on  the 
traffic  channels.  The  main  characteristics  of  the  GSM  signal  are  given  in  Table  3.  The  pulse  shape  and  inter-slot 
guard  interval.  Fig.  5(a),  conform  to  the  GSM  specifications  [3].  There  are  two  traffic  channels,  one  at 
886.8  MFlz  and  one  at  1877  MFlz,  and  two  broadcast  channels,  one  at  888.8  MFlz  and  1879  MFlz  and  these 
signals  are  transmitted  simultaneously.  The  broadcast  channels  have  all  eight  slots  in  the  frame  continuously 
transmitted  at  a  constant  power  level.  The  traffic  channels  have  constant  pulse  amplitude  but  variable  slot 
occupancy,  the  slot  occupancy  being  generated  stochastically,  Fig.  5(b).  The  peak  amplitude  of  the  signal  at  the 
four  frequencies  are  approximately  equal. 


Table  3:  Main  characteristics  of  GSM  signals  from  the  base  station  exposure  system. 


GSM  base  station 

Included  in  MTF1R 

exposure  system 

GSM  900  band 

Yes 

GSM  1800  band 

Yes 

Traffic  channel 

Yes 

Control  channel 

Yes 

Variations  in  slot  transmit  power  on  traffic  channels  (downlink  power  control). 

No 

PSK  modulation 

Yes 

GSMK  mask  for  pulse  shape 

Yes 

Variable  slot  occupancy  for  traffic  channel 

Yes  -this  is  generated 
stochastically 

EMC  emissions  from  base  station 

No 

Fading  multi-path  effects 

No 

Time  (mS) 


Figure  5.  GSM  900  Traffic  Channel:  (a)  Single  pulse,  dashed-line  shows  pulse  limits  from  GSM  specifications 
[3],  (b)  Multiple  pulses,  showing  slot  occupancy  within  the  GSM  fames. 
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The  UMTS  mode  is  based  on  test  mode  1  specified  in  the  3GPP  standard  [12]  and  is  representative  of  a  realistic 
traffic  scenario  with  high  peak  to  average  ratio.  It  is  a  single  channel  with  5  MHz  bandwidth,  as  shown  in  Fig.  6. 
The  signal  was  decoded  using  an  Agilent  PSA  spectrum  analyser,  and  the  results  are  shown  in  Table  4 


Frequency  (MHz) 

Figure  6.  Peak  amplitude  versus  frequency  for  UMTS  signal. 


Table  4.  Composition  of  UMTS  signal 


Signal  component 

Level  1 

Common  Pilot  Channel  (CPICH) 

-24.009  dBc 

Primary  Synchronisation  Channel  (PSCH) 

-43.09  dBc 

Secondary  Synchronisation  Channel  (SSCH) 

-43.82  dBc 

Number  of  active  channels 

none 

Maximum  power  for  inactive  channel 

-21.762  dBc 

Average  power  for  inactive  channel 

-27.093  dBc 

Note. 

1. 


dBc  =  10  log. 


channel  power(W) 


Power  at  centre  carrier  frequency  (W) 


2.  Exposure  systems  for  in  vitro  studies. 

Great  care  must  be  taken  when  designing  and  calibrating  experimental  exposure  systems,  and  the  scale  of  this 
task  should  not  be  underestimated  when  planning  a  study.  As  well  as  establishing  known  and  accurate  exposure 
levels  with  suitable  signal  characteristics,  all  other  environmental  factors  must  be  considered  and  relevant 
parameters  monitored  during  the  experiments.  A  high  efficiency  at  inducing  SAR  is  desirable,  since  any  power 
losses  within  the  exposure  device  are  likely  to  cause  heating  in  the  samples  in  addition  to  the  heating  due  to  their 
dielectric  losses.  Transverse  Electromagnetic  (TEM)  cells  [13],  which  are  widely  used  for  generating  exposures, 
generally  have  a  low  efficiency  for  inducing  SAR  in  small  samples.  Sample  containers  should  not  be  placed 
directly  on  the  conductors  of  the  TEM  line,  as  this  allows  thermal  conduction  to  occur.  For  matched  systems, 
heat  may  be  transferred  from  the  termination,  and  this  should  be  remote  from  the  exposure  set  up.  For  exposure 
systems  used  in  incubators,  there  should  be  sufficient  airflow  to  ensure  the  samples  are  at  the  same  temperature 
as  the  incubator.  In  this  respect  open-sided  transmission  lines  are  better  than  closed  TEM  cells.  It  is  essential  to 
measure  the  heating  of  the  biological  samples  that  occurs  during  the  exposure,  and  assess  the  effect  that  this  will 
have.  Where  such  heating  occurs,  rate  of  temperature  rise  measurements  will  over-estimate  the  SAR  arising  from 
absorption  of  RF  energy.  Systems  with  high  VSWR  may  give  higher  efficiencies,  but  uncertainty  in  the  position 
of  the  standing  wave  will  lead  to  large  uncertainties  in  the  exposure.  The  position  of  the  standing  wave  is 
dependent  on  the  complex  impedance  of  the  source  and  termination.  Determining  the  level  at  which  samples 
should  be  exposed  for  a  particular  experiment  is  difficult.  Whilst  SAR  measurements  in  homogeneous  phantoms 
can  be  used  to  determine  conservative  estimates  for  the  maximum  1  g  or  10  g  averaged  SAR  from  a  device,  they 
cannot  predict  the  SAR  level  in  a  particular  biological  tissue  within  a  person  or  animal  exposed  to 
electromagnetic  fields,  and  this  can  usually  only  be  determined  by  computer  simulations. 
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Calibrating  in  vitro  exposure  systems  is  difficult,  and  dosimetry  may  rely  heavily  on  computer  simulations. 
Systems  that  operate  at  37°C,  should  be  characterised  at  this  temperature,  as  the  conductivity  of  the  samples,  and 
therefore  the  energy  absorption,  will  change  with  temperature.  For  multi-well  plates  the  exposure  will  not  be  the 
same  for  all  the  wells.  This  should  be  taken  into  account  when  designing  the  experimental  protocol.  Uniformity 
of  exposure  may  be  enhanced  by  filling  the  regions  between  the  wells  with  dielectric  material  having  similar 
permittivity  to  the  samples.  Non-uniformity  of  samples  and  meniscus  effects  add  to  exposure  uncertainty  [14]. 
Whilst  it  is  possible  to  measure  the  SAR  in  the  media  containing  cells  or  organisms,  the  measurement  techniques 
generally  have  insufficient  resolution  to  determine  the  SAR  within  the  biological  material  of  interest.  There  is  a 
clear  need  to  develop  techniques  of  dosimetry  with  much  higher  spatial  resolution  for  this  purpose  (micro¬ 
dosimetry). 

Two  types  of  system  were  used  to  generate  exposures  for  the  in-vitro  studies  in  the  MTHR  programme;  a  TEM 
cell  for  use  in  incubators  (University  of  Nottingham)  and  open-sided  transmission  lines  for  use  in  microscope 
systems  (Babraham  Institute,  Cambridge).  The  systems  were  calibrated  at  NPL  to  provide  exposures  that  were 
traceable  to  National  Standards.  The  method  of  calibration  is  to  use  a  1.4  mm  diameter  electric  field  probe  to 
compare  the  electric  field  within  the  exposed  samples  with  a  known  electric  field  in  the  same  material  generated 
within  a  matched  waveguide  system  [15].  This  may  require  several  litres  of  sample  at  900  MHz  for  the 
measurement  in  the  matched  waveguide.  The  measurement  in  the  exposure  system  must  be  performed  using  a 
higher  input  power  than  is  used  for  the  experiments,  and  the  results  scaled  to  the  correct  power  level.  This  is 
because  the  small  size  of  the  E-field  probe  yields  poor  sensitivity.  A  sample  depth  of  at  least  5  mm  is  necessary 
to  avoid  errors.  For  these  systems,  the  field  strength  in  the  air  above  the  sample  is  much  higher  than  the  field  in 
the  sample  itself,  and  the  probe  will  over-read  if  the  sensors  are  not  immersed  sufficiently  in  the  sample. 
Accuracy  is  improved  by  using  the  same  power  sensor  to  determine  the  input  power  to  the  waveguide  and  the 
exposure  system.  The  material  density  must  be  measured  to  determine  the  SAR  level,  but  the  conductivity  of  the 
material  is  not  used  in  the  calculation  using  this  method.  The  temperature  rise  in  the  samples  was  measured  using 
a  SPEAG  TV1V3  temperature  probe  for  different  power  levels. 

The  system  used  by  the  University  of  Nottingham  for  previous  studies  into  effects  of  RF  exposures  on 
nematodes  [16,  17,  18]  has  a  twenty-four  well  petri  dish  located  within  the  TEM  cell.  The  exposure  system  is 
placed  inside  an  incubator.  As  part  of  the  MTHR  programme,  the  performance  of  this  system  was  assessed  at 
NPL.  Fig.  7(a)  shows  the  measured  SAR  value  at  the  centre  of  a  1  ml  sample  of  K-medium  (permittivity  78.30  - 
22.96  j  at  900  MHz  and  22.5°C)  for  each  of  the  wells  in  the  petri  dish.  There  is  considerable  variation  in  the  SAR 
level  between  wells  in  the  petri  dish.  The  SAR  level  averaged  across  all  the  wells  was  0.0141  Wkg"1  for  1  W  at 
input  power,  so  the  system  has  relatively  low  efficiency  at  inducing  power  absorption  in  the  samples.  It  is 
important  to  note  that  the  SAR  was  measured  in  the  K-media  used  to  support  the  nematodes,  and  not  within  the 
nematodes.  The  variation  in  SAR  with  sample  volume  and  probe  height  is  shown  in  Fig.  7(b).  Note  that  the 
probe  is  over-reading  as  it  comes  into  proximity  of  the  surface  of  the  sample  because  the  field  in  air  above  the 
sample  is  much  higher  than  the  field  within  the  sample. 
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Figure  7.  (a)  Variation  in  SAR  level  for  different  wells  in  a  multi-well  petri-dish,  (b)  Variation  in  SAR  with 
probe  height  for  different  sample  volumes. 
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The  temperature  rises  at  the  centre  of  the  samples  were  measured  at  NPL  in  a  temperature  controlled  laboratory. 
Cycling  the  power  on  and  off  allowed  heating  due  to  the  RF  power  to  be  distinguished  from  any  changes  in  the 
ambient  temperature.  It  became  apparent  that  the  power  loss  in  the  TEM  cell  was  giving  rise  to  additional 
heating  of  the  samples,  and  this  was  not  predicted  from  SAR  calculations.  To  reduce  this  loss,  the  following 
modifications  were  made  to  the  system;  the  foam  filler  that  originally  filled  the  lower  chamber  of  the  TEM  cell 
was  removed;  the  BNC  connectors  used  at  either  end  of  the  TEM  cell  were  replaced  with  APC3.5  connectors 
(BNC  connectors  are  for  frequencies  up  to  500  MHz);  the  TEM  cell  was  silver-plated.  The  results  of  the  sample 
temperature  measurements  before  and  after  modification  are  shown  in  Fig.  8  and  in  Table  5.  The  temperature 
measurements  were  repeated  with  the  system  in  the  incubator  used  for  the  experiments  and  the  results  confirmed. 
Previously  reported  effects  from  the  studies  could  not  be  replicated  once  the  unwanted  sample  heating  caused  by 
the  exposure  system  was  reduced  in  this  way  [19].  It  is  probable  that  the  nematodes  used  for  the  studies  were 
sensitive  to  the  temperature  changes  that  were  occurring  in  the  original  exposure  system. 


Figure  8.  Temperature  rises  in  samples  for;  (a)  an  input  power  of  10  W,  (SAR  level  0.14  Wkg"1)  and 
(b)  an  input  power  of  1  W  (SAR  level  0.014Wkg_1)  before  and  after  modification  of  the  exposure  system. 


Table  5:  Performance  of  exposure  system  before  and  after  modification. 


Parameter 

Original  exposure  system 

After  modification 

Power  loss  at  900  MHz 

8.47% 

1.09% 

Sample  Temperature  rise  for  1  W  input  power 

0.25°C 

0.12°C 

Sample  temperature  rise  for  10  W  input  power 

3.6°C 

1.4°C 

Average  SAR  level  in  samples  for  1  watt  input 
power. 

0.014  Wkg1 

(0.014  Wkg1) 

The  system  used  by  Babraham  Institute  [20,  21]  is  shown  in  Fig.  9.  An  inner  conducting  plate,  and  two  outer 
conducting  plates  form  an  open-sided  TEM  transmission  line.  The  sample  is  placed  on  the  lower  conductor 
directly  above  an  aperture,  and  this  allows  it  to  be  viewed  with  a  microscope  during  exposure.  Table  6  gives  the 
measured  SAR  levels  for  1  watt  input  power  at  five  positions  (Fig.  10)  in  HEPES  and  DMEM.  The 
measurements  were  made  at  22.2°C.  This  is  because  the  National  Standard  for  SAR  is  controlled  at  this 
temperature.  However,  the  exposure  system  is  normally  used  in  an  incubator  at  37°C.  The  dielectric  properties 
for  these  materials  at  22.2°C  and  37°C  are  given  in  Table  7.  The  SAR  levels  in  the  sample  will  be  proportional  to 
the  conductivity,  so  the  measured  SAR  values  must  be  adjusted  to  account  for  temperature.  The  efficiency  at 
inducing  SAR  in  the  samples  is  twenty  times  that  of  the  Nottingham  system,  due  to  the  smaller  separation  of  the 
conductors,  and  no  significant  sample  heating  occurs. 


Figure.  9:  Exposure  system  used  at  Babraham  Institute  (Courtesy  Rod  O’Connor,  Babraham  Inst.),  (a)  Enclosure 
for  environmental  control,  (b)  TEM-line  used  to  generate  RF  exposures  to  samples. 
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Table  6:  SAR  levels  per  watt  measured  in  different  growth  media  at  22.2°C 


SAR  (Wkg-1)  per  watt 

Position 

HEPES 

DMEM 

Centre 

0.49 

0.57 

Left 

0.56 

0.71 

Right 

0.52 

0.69 

Front 

0.51 

0.68 

Back 

0.57 

0.64 

Average 

0.53 

0.66 

Input  port 


Figure  10.  SAR  measurement  positions 


Table  7:  Dielectric  properties  of  HEPES  and  DMEM  at  22,2°C  and  37°C. 


Liquid 

Temperature 

8' 

8" 

a 

°C 

(Sm-1) 

HEPES1 

22.2 

76.7 

32.2 

1.61 

37.0 

60.1 

21.8 

1.10 

DMEM2 

22.4 

76.8 

34.1 

1.71 

37.0 

68.7 

40.3 

2.02 

1  N-2-Hydroxyethylpiperazine-N-2-Ethanesulfonic  Acid, 2  Dulbeco’s  Modified  Eagle’s  Medium. 


Conclusions 

The  MTHR  programme  has  adopted  sound  metrological  principles  to  ensure  the  studies  funded  within  the 
programme  produce  meaningful,  and  reproducible  results.  The  National  Physical  Laboratory  has  provided 
consultancy  to  the  researchers  within  the  programme  and  has  characterised  and  calibrated  some  of  the  exposure 
systems  used.  Human  volunteer  studies  into  handset  exposure  have  used  standard  exposure  handsets  that 
generate  the  main  characteristics  of  both  the  RF  and  magnetic  fields  produced  by  real  GSM  and  TETRA 
handsets.  The  exposure  level  of  1.4  Wkg"1  10  g  averaged  SAR  ensures  volunteers  are  not  exposed  above  ICNIRP 
guideline  levels.  The  base  station  exposure  system  produces  exposures  representative  of  a  GSM  macrocell  base 
station  at  10  mWm'2.  The  system  also  generates  representative  UMTS  signals.  Both  systems  facilitate  double 
blind  experimental  protocols.  For  the  in  vitro  studies  within  the  programme,  the  system  used  to  generate 
exposures  have  been  traceably  calibrated  to  National  Standards  at  NPL.  Unwanted  heating  effects  in  one  system 
were  rectified,  and  previously  reported  effects  of  RF  exposure  could  not  then  be  replicated. 
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Abstract 

The  numeric  evaluation  of  the  specific  absorption  rate  (SAR)  referred  to  a  certain  quantity  of  biological  tissue, 
plays  a  main  role  when  radioprotection  aspects  connected  to  the  interaction  between  humans  and 
electromagnetic  (EM)  fields  are  investigated,  as  highlighted  in  the  related  guidelines  both  in  European 
Community  (ICNIRP)  and  in  USA  (IEEE  C95.1). 

Nevertheless,  it  is  important  to  observe  how  SAR  values  are  strongly  influenced  by  many  factors  as,  for  instance, 
the  shape  of  the  volume  containing  the  reference  mass;  such  a  shape  is  imposed  as  cubical  in  IEEE  guidelines, 
whilst  this  is  not  clearly  stated  in  ICNIRP  ones.  Moreover,  several  other  aspects,  such  as  the  optimum 
discretization  step  or  the  treatment  of  internal  air  (just  to  mention  some  of  them),  cause  discrepancies  among 
results  obtained  by  different  research  groups. 

In  this  work  an  overview  on  some  SAR  algorithms  is  firstly  presented,  and  a  discussion  on  their  potential 
differences  reported.  Then,  such  algorithms  and  new  ones  proposed  by  the  authors,  are  used  to  evaluate  the  SAR 
in  some  practical  human-antenna  interaction  cases.  The  remarkable  differences  highlighted  from  the  comparison, 
enforce  the  necessity  to  individuate  an  algorithm  to  be  elected  as  ‘'‘canonical”,  as  discussed  in  conclusion  of  the 
work. 


Introduction 

The  frequent  exposure  to  the  field  emitted  by  electromagnetic  (EM)  sources  is  nowadays  a  matter  of  fact; 
consequently,  in  recent  years,  there  has  been  an  increasing  public  concern  about  the  possible  risks  for  human 
health  due  to  the  interactions  with  antennas.  For  this  reason,  the  major  public  organizations  in  the  world  have 
established  safety  guidelines  for  radiofrequency  (RF)  exposure,  as  for  instance  the  recently  revised  IEEE  RF 
Safety  Standard  C. 95. 1-2006  [1],  adopted  in  United  States,  and  the  International  Commission  on  Non-Ionizing 
Radiation  Protection  (ICNIRP)  Safety  Standard  [2],  adopted  in  European  Community.  Such  guidelines  are  based 
on  the  specific  absorption  rate  (SAR)  averaged  over  a  certain  reference  tissue  mass,  usually  1  g,  10  g  or  the 
whole  body  mass;  safety  limits  are  accurately  fixed  distinguishing  among  different  categories  of  workers  and 
different  body  parts,  and  they  are  also  frequently  updated  as  a  consequence  of  the  results  produced  by  the 
scientific  community.  The  last  confirmation  of  that  is  given  by  the  introduction  for  the  first  time  in  a  guideline 
[1]  of  new  safety  limits  specific  for  the  pinna,  after  the  publication  of  some  works,  aiming  at  demonstrating  the 
necessity  of  paying  due  attention  to  the  anatomic  details  of  the  ear  and  to  their  effects  in  the  exposure  to  cellular 
phones  [3]-[5];  such  diversification  had  not  been  considered  neither  in  the  previous  IEEE  standards  [6],  [7]  nor 
in  ICNIRP  ones. 

Nevertheless,  in  contraposition  to  the  constant  attention  dedicated  to  the  refinement  of  the  safety  limits, 
diversifying  them  in  terms  of  kinds  of  workers,  exposure  time  and  exposed  body  portions,  it  is  quite  evident  a 
lack  of  indications  about  how  the  SAR  should  be  evaluated;  indeed,  despite  the  apparent  easiness  of  the  formulae 
for  the  SAR  evaluation,  such  relations  actually  open  themselves  to  different  interpretations  which  could  cause 
discrepancies  in  the  estimation  of  the  absorbed  energy.  As  well  known,  in  fact,  the  SAR  is  defined  as  the  “time 
derivation  of  the  incremental  energy  absorbed  by,  or  dissipated  in,  an  incremental  mass  contained  in  a  volume 
element  of  a  given  density,  normalized  to  that  mass”,  which  can  be  synthesized  as: 


(1) 


In  the  context  of  RF  and/or  microwave  (MW)  exposure,  where  the  energy  absorption  by  tissues  is  only  due  to  the 
Joule  effect,  two  more  convenient  forms  are  often  used,  allowing  the  SAR  evaluation  from  either  electric  field  or 
temperature  measurement  through  the  following  formulae: 
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SAR 


AT 


(2) 


Where  <r  [S/m]  is  the  tissue  conductivity,  £[V/m]  the  electric  field,  p  [kg/m3]  the  tissue  density,  c  the  tissue 
specific  heat  capacity  and  AT  [°C]  the  temperature  change  caused  by  the  exposure  for  a  time  At  [s]. 
Consequently,  considering  the  first  of  the  (2),  the  SAR  averaged  over  a  certain  reference  mass,  can  be  written  as: 


SAR 


rm 


(3) 


Where  rm  is  the  reference  mass  (usually  lg,  lOg  or  the  whole  body  mass)  and  V(rm)  is  the  volume  containing 
rm  . 

It  can  be  noted  that,  although  the  shape  of  the  volume  containing  the  reference  mass  does  not  affect  the  divisor  in 
(3),  which  is  anyhow  equal  to  rm  ,  its  impact  on  the  dividend  could  be  relevant;  the  distribution  of  the  electric 
field,  in  fact,  varies  greatly  from  point  to  point  inside  the  tissues,  so  that  the  use  of  different  volumes  could 
generate  strong  discrepancies. 

It  is  reasonable  wondering,  hence,  how  the  shape  of  the  volume  containing  the  reference  mass  can  impact  the 
SAR  value  itself  and  if,  consequently,  such  a  shape  must  conveniently  be  standardized.  Can,  for  instance,  the 
SAR  averaged  over  10  g  of  tissue  assume  a  different  value  if  the  volume  shape  is  changed?  If  so,  which  is  the 
most  appropriate  shape  to  be  considered? 

The  just  opened  problem  is  almost  completely  neglected  in  international  guidelines.  Despite  the  common  sense 
would  suggest  that  a  spherical  volume  should  be  the  most  logical  choice,  because  it  does  naturally  select  the  set 
of  points  which  are  as  close  as  possible  to  the  evaluation  point,  IEEE  guideline  bases  its  safety  limits  on  cubical 
volumes.  Even  more  debatable  is  the  position  assumed  on  ICNIRP  standards,  where  the  absolute  lake  of 
indications  in  matter,  leave  the  scientist  the  faculty  of  the  choice. 

Moreover,  it  is  commonly  accepted  from  the  scientific  community,  that  the  use  of  numerical  dosimetry  for  the 
energy  absorption  estimation  is  the  most  appropriate  approach;  experimental  dosimetry,  in  fact,  evidences  strong 
difficulties  both  in  using  real  subjects  and  in  carrying  out  adequately  accurate  phantoms,  capable  therefore  to 
correctly  reproduce  the  human  characteristics.  Vice  versa,  the  use  of  EM  full-wave  methods,  such  as  the  Finite 
Difference  Time  Domain  (FDTD)  algorithm  or  the  Finite  Element  Method  (FEM),  jointly  with  the  availability  in 
literature  of  some  accurate  numerical  phantoms,  as  for  instance  the  one  proposed  in  [8]  or  the  one  proposed  in 
[9],  allows  the  rigorous  evaluation  of  the  SAR  also  in  complex  realistic  human-antenna  exposure  problems. 
However,  when  numerical  methods  are  used,  a  spatial  discretization  must  be  implemented,  thus  accentuating 
even  more  the  problems  connected  to  the  SAR  evaluation.  In  such  a  case,  in  fact,  the  averaged  SAR  can  be 
computed  through  the  following  formula: 

2 


SAR 


rm 


ieV  (rm) 

YjP< 


(4) 


ieV  (rm) 


where  the  index  i  indicates  the  generic  elementary  cell  of  the  discretized  space  and  V  (rm)  the  discretized 
volume  containing  the  reference  mass  rm  .  The  use  of  a  volume  V  (rm)  consisting  of  several  cells,  is  itself  a 
degree  of  freedom  and  consequently  a  source  of  non-uniqueness  of  the  results,  the  SAR  value  being  dependent 
on  which  cells  are  chosen,  among  the  several  possible,  to  better  represent  the  desired  volume  shape.  Moreover, 
also  the  spatial  discretization  step  could  play  a  major  role:  a  space  step  as  large  as  a  significant  portion  of  the 
reference  mass,  for  instance,  besides  emphasizing  the  just  mentioned  problem,  causes  strong  discrepancies 
between  rm  and  the  actual  considered  averaging  mass. 

To  the  topics  now  pointed  out,  some  others  can  be  added,  each  one  increasing  the  uncertainty  to  the  estimated 
SAR  values.  The  peak  SAR  values,  for  instance,  are  often  founded  in  points  close  to  the  human  surface,  where 
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the  chosen  volume  shape  must  be  modified  in  order  to  consider  only  tissue  and  not  air.  Which  is  the  best 
algorithm  in  that  sense? 

Moreover,  as  well  known,  if  the  FDTD  method  is  used,  the  obtained  electric  field  components  are  not  centered  in 
the  elementary  cells  [10].  Recently,  some  algorithms  have  been  proposed  to  refine  SAR  calculation  [11],  and 
they  are  herein  discussed. 

Furthermore,  another  key-point  is  the  one  of  how  to  treat  the  presence  of  internal  air,  which  is  also  here 
specifically  addressed. 

More  specifically,  in  the  following  sections  some  commonly  used  SAR  algorithms  will  be  described  and 
compared,  and  some  new  ones  proposed  by  the  authors  presented.  Such  algorithms  are  then  applied  to  a  difficult 
case  of  interaction  between  humans  and  radio  base  station  antennas  (RBA)  using  both  cubical  and  spherical 
reference  volumes,  and  results  showed  and  discussed. 

Common  SAR  numerical  algorithms 

In  this  section,  a  brief  overview  of  the  most  commonly  adopted  algorithms  for  the  numerical  evaluation  of  the 
SAR,  is  presented.  Despite  the  appreciable  differences  among  the  algorithm  structures,  it  is  important  to 
highlight  here  that  the  main  goal  of  this  treatment  is  neither  the  individuation  of  an  algorithm  to  be  elected  as  a 
reference,  nor  the  eventual  discredit  of  some  of  them;  on  the  contrary,  in  fact,  what  is  sustained  in  this  work  is 
that,  although  different  numerical  strategies  give  out  different  SAR  values,  none  of  them  contravene  any  of  the 
indications  reported  in  the  safety  guidelines. 

One  of  the  usually  adopted  approaches,  for  instance,  computes  the  SA  Rnn  on  a  certain  point  by  considering  the 
contributes  coming  from  the  cells  which  belong  to  a  cubical  volume  centered  in  that  point.  In  [12]  and  [13]  such 
a  volume  is  prefixed,  i.e.  is  the  same  for  each  computation  point,  and  it  is  dimensioned  in  order  to  roughly 
contain  the  reference  mass.  The  non  modifiability  of  the  volume  shape  causes  the  evaluation  of  the  SAR  in 
presence  of  air  together  with  tissues  and  consequently  an  averaged  value  obtained  integrating  over  a  mass 
different  from  rm  .  In  order  to  avoid  the  evaluation  of  the  SAR  in  cases  where  a  too  large  portion  of  the  volume 
does  not  contain  tissues,  a  maximum  tolerable  percentage  of  air  is  imposed:  if  the  percentage  of  air  is  superior  to 
the  fixed  limit,  SAR  remains  undetermined. 

It  is  important  to  observe  that  such  an  approach  does  not  allow  the  evaluation  of  the  absorbed  energy  in  the  most 
external  points  of  the  exposed  target  where,  though,  high  SAR  values  or  even  the  peak  SAR  itself,  are  located. 
Furthermore,  also  where  the  volume  does  not  contain  air,  it  is  often  impossible  to  reach  exactly  rrn  using  a  cube, 
the  number  of  needed  cells  being  strongly  dependent  on  the  discretization  step. 

In  order  to  avoid  some  of  the  listed  problems,  parallelepipeds  instead  of  cubes  are  used  in  [14],  but  also  this 
solution  is  not  devoid  of  lacks;  such  a  choice,  in  fact,  forces  the  use  of  a  volume  which  is  unbalanced  respect  to 
the  evaluation  point  and,  consequently,  causes  the  use  of  too  far  contributes. 

A  first  improvement  of  the  previous  techniques  can  be  obtained  through  the  use  of  a  cubic  volume  which 
dynamically  adjusts  itself  in  order  to  consider  exactly  the  rrn  and  tolerates  up  to  a  certain  percentage  of  air,  as 
proposed  in  [11].  The  algorithm  builds  a  sequence  of  cubes  of  dimension  progressively  increasing  till  a  mass 
superior  to  rm  is  reached.  At  each  step  the  percentage  of  air  is  evaluated  and  if  it  is  greater  than  the  prefixed 
limit,  the  SAR  in  that  point  remains  undetermined.  Vice  versa,  the  last  cube  of  the  sequence  with  mass  inferior 
than  rm  is  used  as  the  core  for  the  SAR  evaluation  and  only  an  accurately  evaluated  portion  of  the  adjacent  cells 
is  added  in  order  to  exactly  reach  rm.  Anyhow,  a  big  limit  of  this  algorithm  remains:  the  incapability  to 
determine  the  SAR  in  points  closed  to  the  surface  of  the  exposed  target;  in  [15]  a  further  improvement  in  that 
sense  is  proposed.  The  concept  of  a  volume  perfectly  cubical  is  not  considered  indispensable  anymore;  the  cells 
are  assembled  around  the  reference  one  by  following  established  criteria  and  excluding  the  air.  The  algorithm, 
here  named  Adaptive  Cube  (AC),  stops  the  insertion  of  new  cells  when  the  total  mass  is  equal  to  rm  for  each 
computed  value,  but  the  shape  of  the  volume  is  given  by  the  set  of  cells  which  better  approximate  a  cube 
intersected  with  non-tissue  points.  In  such  a  way,  in  each  point,  included  those  belonging  to  the  most  external 
regions,  the  SAR  can  be  evaluated. 

The  comparison  among  the  presented  numerical  techniques  shows  that  even  radically  different  algorithms  for  the 
evaluation  of  the  SAR  can  comply  with  the  few  indications  reported  in  RF  safety  guidelines,  despite  it  is  easily 
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predictable  that  they  could  generate  discrepant  results.  Consequently,  an  integration  of  the  guidelines  with 
detailed  indications  on  a  SAR  numerical  algorithm  to  be  elected  as  a  reference,  appears  to  be  at  least  expected. 

New  kinds  of  SAR  algorithms 

The  conceptual  differences  among  the  commonly  used  algorithms  for  the  SAR  numerical  evaluation  and  the 
consequent  observations  reported  at  the  end  of  the  previous  section,  pave  the  way  to  a  more  deep  theoretical 
discussion  about  how  the  algorithms  should  be  conceived.  Even  if  at  a  first  glance  it  could  seem  a  mere 
implementation  problem,  it  addresses  instead  to  a  more  general  consideration:  which  is  the  most  suitable  volume 
shape  for  the  SAR  evaluation?  If  it  is  true  that  when  numerical  methods  and  orthogonal  meshes  are  used,  it  is 
quite  easy  and  natural  to  choose  cubical  volumes  which  contain  lg  or  lOg  (the  rm  )  of  tissue,  it  is  as  much  true 
that  the  acceptance  of  such  an  assumption  signifies  to  be  aware  of  the  limits  which  derive  from  that,  and  that  the 
obtained  results  could  be  at  least  debatable. 

Anyhow,  even  if,  for  instance,  the  AC  algorithm  is  basically  oriented  towards  cubical  shapes,  the  eventual 
presence  of  air  could  cause  a  strong  deformation  of  the  volume,  such  as  in  the  case  of  the  SAR  evaluated  in  the 
fingers,  where  the  cube  becomes  more  likely  similar  to  a  thin  parallelepiped.  This  is  not  surprising,  the  choice  of 
the  cube  being  justified  only  by  its  implementation  easiness;  nevertheless,  it  is  reasonable  wondering  which 
should  be  the  most  appropriate  volume,  regardless  to  eventual  implementation  problems. 

To  the  opinion  of  the  authors,  there  is  no  doubt  that  a  spherical  volume  is  the  best  one.  Spheres,  in  fact,  select  the 
most  close  cells  to  a  reference  point,  thus  allowing  the  most  natural  evaluation  of  the  SAR;  any  other  volume,  in 
fact,  would  take  into  account  too  far  contributes,  as  for  the  cube  case,  where  the  vertexes  are  considered  instead 
of  more  close  points. 

Nevertheless,  to  adequately  take  into  account  a  spherical  volume  when  discretized  spaces  are  considered,  some 
observations  are  necessary.  In  a  continuous  space,  in  fact,  it  is  possible  to  determine  an  ideal  sphere  (ideal  circle 
in  2D)  which  contain  exactly  a  quantity  of  tissue  equal  to  nn ,  but  in  a  discretized  space  this  is  quite 

complicated.  For  the  2D  case,  an  hypothetical  ideal  circle  is 
reported  in  Figure  1;  the  yellow  cell  in  the  center  is  the  one  where 
the  SAR  must  be  evaluated.  Some  of  the  cells  are  entirely  contained 
in  the  ideal  circle,  whilst  some  others  (the  violet  ones  in  Figure  1) 
are  intersected  by  that  circle;  such  cells  are  called  here  “peripheral 
cells”  and  will  play  a  major  role  in  the  formulation  of  new 
algorithms.  The  SAR,  in  fact,  should  ideally  be  calculated  by  adding 
the  contribute  of  the  internal  cells  to  the  contribute  of  the  partial 
volumes  of  the  peripheral  cells,  so  that  the  approximation  of  such 
partial  volumes  becomes  the  real  difficulty  of  spherical  algorithms. 

In  the  following  four  new  algorithms  will  be  presented,  all  based  on 
spherical  volumes,  even  though  the  same  strategies  can  be  easily 
applied  to  cubical  volumes. 

A:  Onion  Skin  Algorithm 

The  first  algorithm  which  is  here  proposed  considers  a  sphere  as  the  reference  volume  and,  when  necessary, 
modifies  the  shape  in  order  to  include  only  tissues  and  not  air.  The  strategy  that  regulates  the  addition  of  a  new 
cell  to  the  partial  volume,  gives  the  name  to  the  proposed  algorithm:  “Onion  Skin”  (OS);  if  the  mass  contained  in 
a  sphere  of  radius  r  (onion)  is  inferior  to  rm ,  in  fact,  new  cells  are  added  selecting  them  out  among  those 
belonging  to  the  layer  which  radius  is  r  +  1  (skin).  Such  an  algorithm  is  similar  to  the  AP  one  proposed  in  [15] 
apart  from  the  shape  of  the  volume. 

The  main  steps  of  the  algorithm  for  the  evaluation  of  the  SARrm  in  a  cell  of  coordinates  <  x,y,z  >  can  be 
synthesized  as  follows: 
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Figure  2.  Onion  Skin  algorithm  applications  examples. 


1 .  initialize  the  radius  r  =  1  and  set  the  center  in  <x,y,z  >  ; 

2.  select  the  set  of  possible  candidate  cells  as  those  belonging  to  the  layer  of  radius  r  centered  in 
<  x,  y,  z  >  and  representative  of  tissues  (air  is  excluded); 

3.  add  one  of  the  individuated  cell  to  the  partial  volume  and  compute  the  new  partial  mass  pm  . 

4.  repeat  step  3  until  all  the  cells  individuated  in  2  have  been  added  or  the  condition  pm  >  rm  is  verified; 

5.  if  pm>rm  has  not  been  verified  yet,  impose  r  =  r  + 1  and  come  back  to  2.  Else  (the  volume  is 
founded)  go  to  6; 

6.  Evaluate  the  SARnn  by  using  the  individuated  volume. 

The  method  guarantees  that  the  desired  lg  or  lOg  of  rm  are  obtained  with  a  tolerance  on  the  order  of  a  fraction 
of  the  last  added  cell  mass.  It  is  quite  evident  that  the  algorithm  is  based  on  the  iterated  addiction  of  layers  to  the 
central  cell  until  rm  is  reached;  it  is  highly  probable,  though,  that  the  last  layer  will  not  be  completed,  thus 
causing  an  unbalancing  of  the  volume  respect  to  the  cell  in  <x,y,z>.  In  Figure  2,  a  bi-dimensional 
schematization  of  the  volume  individuated  by  the  OS  algorithm  is  reported  for  a  simple  case  of  absence  of  air 
and  supposing  that  25  cells  guarantee  a  mass  of  almost  rm  .  The  different  colors  of  the  cells  individuate  different 
layers.  More  specifically,  in  Figure  2a  the  reference  cell  (the  yellow  one)  is  supposed  to  be  far  enough  from 
every  air  region  so  that  for  each  successive  layer  all  the  cells  can  be  considered  potential  candidates  to  be  part  of 
the  averaging  volume;  as  apparent,  three  complete  layers  and  a  partial  one  are  needed.  The  cells  of  the  last  layer, 
however,  could  be  chosen  in  different  ways  as  evidenced  in  Figure  2b,  and  consequently  the  obtained  SAR  could 
assume  different  values.  This  represents  the  most  substantial  lake  of  the  OS  algorithm.  Finally,  Figure  2c  shows 
what  happens  when  the  evaluation  cell  is  quite  close  to  air  regions,  with  the  consequent  modification  of  the 
volume  shape  in  order  to  guarantee  anyhow  an  averaging  mass  equal  to  rm  as  well  as  the  use  of  only  tissue 
cells. 

B:  Graded  Peripheral  Cells  Algorithm 

As  previously  observed,  the  best  way  for  considering  spherical  volumes  in  orthogonal  meshes,  would  be  that  of 
taking  into  account  the  whole  contribute  coming  from  all  the  cells  entirely  contained  in  the  ideal  sphere,  and  the 
partial  contribute  given  by  the  peripheral  cells.  The  problem,  actually  not  trivial,  consists  on  the  accurate 
evaluation  of  the  partial  volume  to  be  considered  for  each  of  the  peripheral  cells;  this  problem  is  quite  difficult  to 
solve  analytically  because  of  the  high  number  of  possible  intersections  between  spheres  and  cubes: 
approximations  are,  hence,  strongly  necessary. 

The  herein  proposed  approach,  called  Graded  Peripheral  Cells  (GPC),  considers  an  equal  fraction  of  all  the 
peripheral  cells,  regardless  to  the  effective  volume  individuated  by  the  ideal  sphere  (or  ideal  circle  in  2D).  The 
algorithm  analyzes  all  the  non-air  cells  around  the  evaluation  point,  and  marks  them  as  internal,  external  or 
peripheral,  respect  to  the  ideal  sphere;  in  order  to  perform  such  an  operation,  the  number  of  vertexes  internal  to 
the  sphere  is  computed. 
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Once  such  a  preprocessing  analysis  has  been  performed,  the  mass  of  the  internal  cells  is  known,  as  well  as  the 
remaining  quantity  necessary  for  reaching  rm  .  Such  a  quantity  is  considered  as  equally  distributed  among  all  the 
peripheral  cells  which  proportionally  contribute  to  the  final  SAR  value. 

In  Figure  3  the  individuated  resultant  volume  is  reported  for  the  same  case  of  Figure  2a.  The  small  internal 
squares  sketched  inside  the  peripheral  cells,  represent  the  considered  portion  of  mass.  By  comparing  such  a 
volume  with  the  one  obtained  with  the  OS  algorithm,  it  can  be  noticed  how  the  problem  of  the  unbalancing 
respect  to  the  central  cell  is  substantially  bypassed.  Nevertheless,  the  assumption  that  all  the  peripheral  cells 
contribute  with  the  same  mass,  seems  to  be  too  approximate,  because  some  of  the  cells  are  only  slightly 
intersected  from  the  ideal  sphere  whilst  some  others  are  almost  completely  internal.  The  next  proposed 
algorithms  can  be  considered  as  a  refinement  of  the  GPC  one,  aimed  at  better  approximate  the  ideal  situation 
described  in  Figure  1. 

C:  Graded  Peripheral  Vertex  Algorithm 

The  Graded  Peripheral  Vertex  (GPV)  algorithm  represents  a  more  refined  version  of  the  GPC  algorithm.  As 
previously  shown,  in  fact,  in  GPC  the  same  portion  of  mass  is  considered  for  each  one  of  the  peripheral  cells;  if  a 
method  is  found  for  discriminate  how  much  of  a  cell  is  internal  to  the  ideal  sphere,  a  non-uniform  weighting  can 
be  effectively  applied.  Actually,  the  same  strategy  used  for  discriminating  if  a  cell  is  or  not  peripheral,  can  be 
extended  in  that  direction;  a  cell  is  peripheral,  in  fact,  if  at  least  one  vertex  is  internal  to  the  ideal  sphere  and 
contemporaneously  at  least  one  vertex  is  external.  The  number  of  internal  vertexes,  hence,  could  be  a  good 
parameter  to  be  used.  Despite  it  is  still  an  approximation,  it  is  evident  that  a  cell  with  only  one  internal  vertex 
contributes  with  a  portion  of  its  volume  larger  than  that  of  a  cell  with  more  internal  vertexes. 

The  GPV  algorithm,  hence,  calculates  the  portion  of  a  peripheral  cell  to  be  considered,  proportionally  to  the 
number  of  internal  vertexes;  more  specifically,  if  1  <  n  <  8  ( 1  <  n  <  4  in  2D  cases)  is  the  number  of  internal 
vertexes  of  one  of  the  examined  cells,  then  m/8  of  its  mass  is  considered.  Figure  4  shows,  reporting  also  the 
number  of  internal  vertexes  for  each  peripheral  cell,  how  the  application  of  the  GPV  algorithm  allows  a  better 
distribution  of  the  mass  respect  to  the  GPC  and  the  OS  ones,  increasing  the  accuracy  of  the  approximation 
respect  to  the  ideal  case  of  Figure  1  and  thus  improving  the  quality  of  the  result. 


D:  Graded  Peripheral  Vertex-3  Algorithm 

The  Graded  Peripheral  Vertex-3  (GPV3)  algorithm  is  a  modification  of  the  GPV  algorithm,  where  the  contribute 
of  each  peripheral  cell  is  not  proportional  to  the  number  of  internal  vertexes  n  ,  but  to  its  cube  (its  square  in  2D), 
i.e.  to  m3 .  This  criterion  is  based  on  the  observation  that  the  dependence  of  the  internal  volume  on  the  number  of 
internal  vertexes  is,  in  most  cases  but  not  always,  almost  cubical.  In  such  an  algorithm,  hence,  the  mass  of  a  cell 
is  divided  into  64  parts  (16  in  2D)  and  m3/ 64  is  the  fraction  of  mass  (and  volume)  considered  for  a  peripheral 
cell  with  n  internal  vertexes. 

Even  if  none  among  GPV  and  GPV3  is  definitively  better  than  the  other,  above  all  in  3D  cases  the  GPV3  seems 

to  guarantee  better 
approximations. 

Results 

In  this  section  some  of 
the  presented  algorithms 
are  tested  on  a  practical 
case  and  results 
compared  and  discussed. 
More  specifically  the 
difficult  problem  of  the 
interaction  of  a  human 
with  the  field  emitted  by 
a  radiobase  station 
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Figure  3.  Graded  Peripheral  Cell  algorithm 
application 


Figure  4.  Graded  Peripheral  Vertex 
algorithm  application 
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Figure  5.  E-Field  levels  in  the 
studied  case 


Peak  SAR  comparison 

SAR  Algorithm 

Peak  SAR  (lg) 

Peak  SAR  (lOg) 

Adaptive  Cube  (AC) 

27.93 

14.39 

Onion  Skin  (OS) 

27.00 

14.32 

Graded  Peripheral  Cell  (GPC) 

27.65 

14.73 

Graded  Peripheral  Vertex  (GPV) 

27.89 

14.78 

Graded  Peripheral  Vertex-3  (GPV3) 

28.03 

14.85 

Table  I.  Peak  SAR  values  using  different  algorithms. 


antenna  has  been  solved  by  using  the  FDTD  method  [16],  and  the  SAR  averaged 
over  lg  and  over  lOg  of  tissue  has  been  evaluated  in  each  point  of  the  exposed 


subject  (which  is  the  numerical  phantom  proposed  in  [8]).  In  Figure  5  the  electric 


field  distribution  in  a  section  of  the  head  is  reported.  Five  different  algorithms  have  been  used:  the  AC  one, 


representative  of  the  cubical  shape  algorithms,  the  Onion  Skin  one,  which  applies  the  same  strategies  of  the  AC 
but  to  spherical  volumes,  and  the  three  successive  refinements,  respectively  GPC,  GPV  and  GPV3.  The  other 
presented  algorithms,  instead,  have  not  been  tested,  because  their  inability  to  evaluate  the  SAR  in  superficial 


points  makes  the  comparison  with  most  sophisticated  strategies  impossible. 

In  Table  I  the  peak  SAR  values  are  reported  both  for  rm  =  1  g  and  for  rm  =  10g  .  It  can  be  observed  that  all  the 
tested  algorithms  give  comparable  results.  This  is  not  surprisingly:  even  if  the  algorithms  are  quite  different,  in 


fact,  the  peak  SAR  is  found  in  the  proximity  of  the  phantom  surface  where  the  electric  field  assumes  the  highest 
values  all  around  a  region  as  large  as  many  rm  .  In  such  points,  the  volumes  are  also  strongly  deformed  by  the 
phantom  shape,  so  that  the  refinement  strategies  becomes  unappreciable.  Anyhow,  it  is  important  to  recall  again 


that,  among  the  possible,  only  algorithms  which  can  evaluate  the  SAR  everywhere  in  the  phantom  have  been 
tested;  the  others  algorithms,  such  as  the  one  proposed  in  [12]  and  [13]  or  the  one  proposed  in  [14],  would  have 
been  unable  to  determine  the  SAR  in  such  points.  This  observation  is  itself  enough  to  justify  the  requirement  of  a 


standardization  of  the  SAR  numerical  evaluation  techniques. 

In  order  to  appreciate,  though,  the  differences  among  the  various 
algorithms,  all  the  SAR  values,  and  not  only  the  peak  one,  should 
be  compared. 

In  Figure  6,  for  instance,  the  percentage  difference  among  AC  and 
OS  is  graphically  reported.  The  chromatic  scale,  from  blue  to  red, 
represents  increasing  differences  from  0  up  to  45%.  It  is  quite 
apparent  the  strong  diversity  in  some  investigated  phantom  points, 
even  though  only  the  shape,  and  not  the  strategy,  differentiates  the 
algorithms. 

In  Table  II,  instead,  the  GPV3  algorithm  is  used  as  the  reference 
one,  and  the  percentage  difference  with  the  others  is  reported.  More 
ditterence  in  each  phantom  point.  specifically  two  parameters  are  computed:  the  average  percentage 

difference  and  the  maximum  percentage  difference. 


Figure  6.  AC  versus  OS:  percentage 


Percentage  Difference 

SAR  Algorithm 

SAR  (lg) 

SAR(lOg) 

Average  % 

Maximum  % 

Average  % 

Maximum  % 

AC  versus  GPV3 

8.43 

99.08 

5.12 

69.95 

OS  versus  GPV3 

6.90 

95.39 

3.31 

53.71 

GPC  versus  GPV3 

4.93 

90.14 

0.14 

3.04 

Graded  Peripheral  Vertex  (GPV) 

2.66 

42.89 

0.08 

2.33 

Graded  Peripheral  Vertex-3  (GPV3) 

— 

— 

— 

— 

Table  II.  Average  and  Maximum  percentage  difference  respect  to  GPV3  algorithm. 
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Through  the  analysis  of  the  data  reported  in  the  table,  some  conclusions  can  be  drawn.  First  of  all,  by  improving 
the  accuracy  of  the  algorithms,  all  the  percentages  decrease.  As  expected,  hence,  by  using  more  refined  spherical 
algorithms  a  better  discrimination  of  the  absorbed  power  in  the  various  points  can  be  performed,  so  that  the  SAR 
values  can  be  better  estimated.  Also,  it  can  be  observed  that  differences  referred  to  the  SARl0g  are  always 
inferior  to  those  referred  to  the  SAR]g  and  this  for  two  different  reasons:  first  of  all,  by  increasing  the  rm  ,  the 
consequent  smoothing  effect  due  to  the  integration  over  a  bigger  volume  causes  the  attenuation  of  the  differences 
among  the  methods.  Secondly,  the  number  of  peripheral  cells  increases  with  the  volume  and  the  contribute  of 
each  of  them  becomes  less  relevant. 

Even  more  interesting  are  the  deductions  coming  from  the  analysis  of  the  maximum  percentage  error;  two 
sophisticated  algorithms,  such  as  OS  and  GPV3,  give  in  some  points  difference  up  to  90%  for  the  SARXg  and  up 
to  50%  for  the  SARXOg.  Even  two  quite  similar  algorithms,  GPV  and  GPV3,  show  strong  differences  in  the  lg 
case.  In  order  to  better  appreciate  the  impressive  differences  among  the  algorithms  in  every  points  of  the 
phantom  head,  finally,  the  percentage  difference  of  GPV3  respect  to  OS  and  respect  to  GPC  for  the  SARlg  are 
reported  in  Figure  7. 


Conclusions 


In  this  work  some  commonly  adopted  algorithms  for  the  numerical  evaluation  of  the  Specific  Absorption  Rate 
(SAR)  averaged  over  a  certain  mass  have  been  reported  and  some  new  ones  have  been  presented  and  compared. 
Among  the  most  important  conclusions  which  can  be  drawn,  the  main  aspect  seems  to  be  that  of  the  necessity  of 
a  standardization  of  the  techniques  for  the  SAR  calculation.  The  discrepancies  among  results  obtained  through 
different  algorithms  are  impressive,  even  though  all  of  the  tested  techniques  do  not  contravene  any  of  the 
indications,  probably  inadequate,  reported  in  the  most  important  radiofrequency  safety  standards.  This  enforces, 
also,  a  more  detailed  discussion  about  the  consideration  of  local  SAR  values. 


The  work  itself  gives  some  indications  in  that  sense,  discussing  the  role  plaid  by  the  shape  of  the  integration 
volume  along  with  other  important  issues.  The  use  of  a  spherical  volume  rather  than  a  cubical  one,  represents  for 


b) 


Figure  7.  GPV3  versus  OS  (a)  and  GPV3 
versus  GPC  (b)  percentage  difference  in 
each  phantom  point. 


the  authors  the  main  necessary  modification,  and  the  four 
proposed  algorithms  could  be  used  as  the  starting  point  which 
paves  the  way  to  a  more  deep  discussion. 
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Abstract 

Whole-body  averaged  and  local  SAR  depends  on  many  factors  including  stature,  gender  and  posture  of  the 
exposed  subject.  In  RF  dosimetry,  various  numerical  phantoms  of  women  and  men  are  gradually  becoming 
available  as  well  as  numerical  techniques  able  to  virtually  rotate  the  main  joints  in  order  to  change  their 
posture.  Other  variables  which  deserve  investigation  are  field  polarization  and  impinging  direction  of  the 
incident  wave.  To  assess  the  SAR  distributions  in  these  structures  a  high  spatial  resolution  of  the  human 
numerical  models  is  mandatory.  At  the  same  time,  it  is  usually  requested  to  model  a  large  embedding  domain 
which  may  accommodate  a  near  field  source.  This  imposes  the  use  of  subgridding  techniques.  Practical 
examples  of  the  FDTD  implementation  with  a  domain  refinement  algorithm,  in  the  range  100  MHz  -  4  GHz,  are 
reported 


Introduction 

Numerical  phantoms  involving  sophisticated  complex  permittivity  representations  of  the  human  body  are  a 
useful  tool  for  investigating  the  connection  between  external  fields  and  induced  internal  SAR.  These  phantoms 
are  obtained  either  by  image  segmentation  and  assignment  of  the  proper  permittivity  values  to  each  tissue  or  by 
semi-automatic  methods  which  take  into  account  the  complex  permittivity  variations  into  every  tissue.  Both 
methods  use  sets  of  anatomical  images  obtained  by  CT  (Computerized  Tomography)  or  by  Magnetic  Resonance 
Imaging  (MRI). 

The  human  exposure  was  first  studied  by  using  models  of  a  man  in  standing  position  frontally  impinged  by  a 
plane  wave  with  vertical  polarization,  having  these  states  been  recognized  as  generally  maximizing  the 
absorption.  Nevertheless,  these  conditions  (male  model,  standing  position  and  plane  wave)  are  too  generic  to 
accurately  evaluate  the  exposure  in  a  realistic  environment.  Different  postures,  body  shape  and  composition  can 
determine  SAR  differences.  A  number  of  postures  have  already  been  studied  [1][2]  and,  in  the  last  years  some 
works  focussed  on  the  gender  differences  [3], 

After  having  developed  their  own  male  [4]  and  female  phantoms  [5],  the  authors  used  them  in  some  works 
dedicated  to  the  understanding  of  the  differences  found  in  the  whole  body  averaged  SAR  between  male  and 
female  [3]  [6]. 

Recently  they  developed  a  technique  for  numerically  rotating  the  main  joints  of  the  body  preserving,  at  the  same 
time,  a  reasonably  realistic  anatomic  aspect.  Since  a  posture  in  which  a  subject  spends  a  considerable  part  of  its 
living  time  is  sitting,  arms  and  legs  of  the  male  phantom  were  rotated  in  a  way  to  simulate  that  condition. 

A  paper  published  very  recently  [2]  demonstrates  that  different  parts  of  the  body  (trunk,  limbs  or  forelimbs)  may 
show  their  own  resonance  when  stimulated  with  the  proper  frequency  and  polarization.  It  causes  a  large  variety 
of  conditions  determined  by  the  posture  and  by  the  parameters  of  illumination,  depending  on  the  relative 
orientation  of  the  field  with  specific  portions  of  the  body  which  -  in  case  of  a  more  complex  posture  than 
standing  with  aligned  arms  -  cannot  be  anymore  considered  as  a  simple  linear  antenna. 

The  attention  is  focused  on  the  range  of  the  RF  spectrum  located  above  the  body  resonance  (here  meant  standing, 
i.e.  about  40  or  80  MHz  depending  on  grounded  or  isolated  condition),  in  which  the  largest  part  of  artificial 
sources  for  broadcasting  and  mobile  communication  is  allocated:  0.1^4  GHz. 
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For  calculating  SAR  distribution  the  Finite -difference  time-domain  (FDTD)  solution  method  of  Maxwell’s 
equations,  a  widely  used  numerical  technique  in  computational  electromagnetics,  has  been  used.  It  is  commonly 
retained  that  only  analyses  at  frequencies  corresponding  to  wavelengths  no  shorter  than  10  times  the  space 
sampling  size  are  fairly  accurate.  But  when,  at  a  given  frequency,  the  structures’  electrical  density  augments, 
such  as  in  biological  tissues,  wavelengths  are  unavoidably  shortened.  Many  efforts  have  then  been  made  to 
develop  local  mesh  refinement  algorithms  for  the  FDTD  method.  A  reported  problem  of  the  various  attempts  is 
their  tendency  to  become  unstable. 

In  this  work,  a  robust  and  economic  subgridding  algorithm  has  been  used  [7]  to  achieve  higher  spatial  resolution 
in  the  region  of  interest.  This  method,  called  filtering-based  (FB)  subgridding,  is  applied  to  allow  a  refined 
calculation  of  SAR,  while  maintaining  a  rather  large  cushion  of  free  space  all  around  the  bodies. 

It  is  as  economic  as  possible,  both  in  terms  of  memory  request  and  in  the  number  of  floating  point  operations.  To 
this  end  we  devised  a  coupling  scheme  between  two  FDTD  meshes,  one  of  them  having  an  higher  resolution  by 
a  factor  of  3,  5  or  7  than  the  other.  The  subgridding  algorithm  at  the  fine -coarse  interface  is  based  on  a  spatial- 
differentiation  low-pass  filter  which  is  analytically  justified.  It  requires  only  a  certain  number  of  extra  floating 
point  operations,  but  no  extra  memory  allocation. 

Firstly  this  work  considers  the  DAM  phantom  developed  in  our  laboratories  and  the  numerical  algorithm  used  to 
rotate  the  principal  joints  (arms,  legs  and  hips).  A  brief  description  of  the  used  subgridding  technique  will 
follow.  Finally,  some  examples  about  the  use  of  the  subgridding  technique  applied  to  a  real  dosimetric  problem 
are  shown.  In  particular  it  will  be  studied  the  comparison  of  whole  body  averaged  SAR  in  seated  and  standing 
male  models  undergone  to  various  exposure  conditions  in  terms  of  H  or  V  polarization  and  frontal  or  lateral 
incidence. 

Numerical  human  body  model 

A  semi-automatic  procedure  to  develop  numerical  human  Dielectric  Anatomical  Models  (DAM)  was  developed 
in  the  last  years  at  the  ITC-irst  laboratory.  The  procedure  is  based  on  MRI  image  acquisition  and  by  relating  grey 
levels  of  each  voxel  to  the  proper  complex  permittivity  value.  The  rationale  is  briefly  described  as  follow. 
Detailed  description  of  the  technique  is  reported  in  [4],  [5]. 

Whole  body  MRI  scanning  of  a  male  (height:  1.73  m,  weight:  63.8  kg)  and  female  (height:  1.62  m,  weight:  48.7 
kg)  volunteers  (to  obtain  mDAM  and  fDAM  respectively)  were  carried  out.  The  acquisition  of  the  images  was 
performed  by  a  1  Tesla  whole-body  imager  (IT,  42.5  MHz);  body  and  head  coils  were  used.  Data  sets  were 
processed  to  improve  the  erected  posture  of  the  body.  Ankle  angle  was  also  modified  to  ameliorate  the  contact  of 
the  feet  with  the  ground.  Afterwards,  the  images  were  interpolated,  obtaining  models  of  5,999,472  voxels 
(fDAM)  and  of  7,795,509  voxels  (mDAM),  2x2x2  mm3  each.  After  the  processing  needed  to  correct  the  MR 
image  non-uniformities,  an  automatic  technique  has  been  applied  to  obtain  the  dielectric  models  (Figure  1). 


Figure  1.  Relative  permittivity  and  conductivity  at  2  GHz  for  the  female  (left)  and  the  male  (right)  models 
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To  correlate  the  image  grey  levels  to  the  complex  permittivity  values,  transfer  functions  based  on  mixture  theory 
were  implemented  for  both  high  water  content  and  low  water  content  tissues.  Since  the  equations  of  mixture 
theory  were  obtained  from  data  over  the  frequency  range  0.1  H-  18  GHz,  the  validity  of  the  transfer  functions  lies 
in  this  same  range. 

Rotation  of  joints 

In  recent  dosimetric  studies,  the  attention  has  been  increasingly  devoted  to  the  realistic  representation  of  the 
human  body;  this  means  that,  while  initially  only  an  average  male  man  in  standing  position  was  considered, 
nowadays  many  phantoms  of  different  heights,  weights,  genders,  ages  and  positioned  in  different  postures  have 
been  represented  [  1  ]  [2] .  Among  these  aspects,  the  present  work  focuses  its  attention  to  the  development  of  a 
modified  phantom  repostured  in  order  to  represent  a  seated  man,  being  this  latter  a  very  frequent  condition,  both 
for  workers  and  general  public.  However,  aim  of  this  study  was  not  only  to  reach  such  kind  of  result,  but  more 
generally  to  develop  a  numerical  algorithm  able  to  manipulate  the  original  numerical  phantom,  in  order  to  model 
as  many  postures  as  possible. 

The  problem  of  the  realistic  geometric  modelling  of  humans  has  been  faced  in  many  fields,  from  dosimetry  to 
mechanobiology  or  computer  graphics  [8]  [9].  In  these  latter  fields  a  very  high  level  of  anatomical  modelling 
have  been  reached,  with  accurate  representations  of  the  organs  both  from  a  geometrical,  anatomical  and  even 
dynamic  point  of  view.  The  starting  point  in  these  cases  is  the  detailed  knowledge  of  the  internal  structures, 
which  are  segmented  [10].  In  this  way  each  single  structure  is  not  only  geometrically  well-confined,  but  also 
dynamically  characterised,  and  therefore  able  to  discriminate  that,  for  example,  only  the  muscle  is  able  to 
undergo  active  contraction  or  that  the  rigidity  of  the  bone  actually  prevent  its  deformation. 

Conversely,  the  original  phantom  used  in  this  study  is  not  segmented.  While  this  condition  enables  on  the  one 
side  the  highest  accuracy  in  the  dielectric  properties  dispersion  modelling,  on  the  other  side  it  partially  hinders 
the  accuracy  in  performing  joint  movements. 

Nevertheless,  some  general  criteria  are  anyway  applicable,  such  as:  to  deform  as  little  as  possible  the  rigid 
structures  like  the  bones,  to  preserve  the  total  length  of  each  deformed  part  (alongside  its  central  axis),  and 
finally  to  properly  modify  some  regions  (muscle)  in  order  to  maintain  the  total  mass  amount  constant 
guaranteeing  at  the  same  time  a  good  anatomical  resemblance.  It  is  evident  that,  in  this  case,  the  criteria  are  no 
longer  applicable  to  well-defined  districts,  but  rather  to  regions  principally  containing  one  tissue  or  the  other. 

The  procedure  followed  to  obtain  the  seated  phantom  is  summarisable  as  follows: 

-  first  of  all  the  sub-volumes  to  rotate  were  identified  and  isolated,  one  at  a  time,  from  the  remaining  part  of  the 
body.  In  this  specific  case  four  sub-volumes  were  obtained:  one  for  the  legs,  one  for  the  pelvis  and  the  two 
latter  for  the  arms; 

-  for  each  sub-volume  some  ‘fiducial  point’  couples  (one  point  in  the  subvolume,  the  other  one  in  the 
remaining  part)  were  located.  These  were  chosen  in  correspondence  of  the  interface-the  region  that  will  be 
deformed  the  least-  in  order  to  facilitate  the  successive  re-assembling  of  the  two  parts; 

-  the  rotation  plane  and  axis  were  defined  with  respect  to  the  sub-volume  and  this  latter  was  considered  as  a 
succession  of  slices  parallel  to  the  rotation  plane  and  one  voxel  thick; 

-  each  slice  was  further  subdivided  longitudinally  in  order  to  obtain  several  geometrical  structures  (called 
fibres  hereafter  in  the  text),  parallel  one  to  the  other  and  roughly  following  the  direction  of  the  part  to  bend. 
The  aim  of  this  operation  is  to  guarantee  the  necessary  continuity  alongside  the  structure  (for  example  the 
wrapping  around  the  elbows,  knees,  etc.); 

-  in  correspondence  of  each  slice  there  was  one  only  fibre  which  passed  through  the  rotation  axis.  This  fibre 
underwent  the  only  rotation  operation,  whilst,  as  the  fibres  were  away  from  the  central  one,  they  underwent 
also  a  deformation.  It  is  worth  noting  that,  considering  the  slices  where  the  bone  was  present,  the  central  fibre 
coincided  just  with  the  bone  and  was  therefore  suitable  to  represent  its  rigid  behaviour. 

-  Besides  the  rotation,  other  two  types  of  deformations  were  applied:  i)  in  correspondence  of  the  rotation  axis 
surroundings,  in  order  to  guarantee  the  necessary  continuity  of  the  tissue  in  this  region,  and  ii)  the  height 
augmentation  of  the  most  external  fibres  containing  tissues,  applied  in  correspondence  of  the  middle  part  of 
the  segment(s)  upper  (and  lower)  with  respect  to  the  rotation  axis.  All  these  operations  were  applied  at  fibre 
level. 

The  first  operation  consisted  in  the  assignment  of  a  new  value-obtained  by  interpolation  of  the  nearest  voxel 
values-  to  both  the  new  empty  voxels  and  those  superimposed  as  a  consequence  of  the  rotation.  The  second 
deformation  had  instead  the  aim  to  reproduce  the  muscle  augmentation  as  a  consequence  of  its  contraction 
(active  in  the  case  of  the  upper-limb,  and  passive  for  the  lower-limb).  This  latter  kind  of  deformation  was 
customizable,  by  initially  setting  two  parameters  which  had  effect,  the  first,  on  the  amplitude  of  the 
deformation,  and  the  second  on  the  extent  of  the  region  to  deform.  These  operations  were  performed  in  an 
automated  way  through  an  algorithm  implemented  by  the  authors. 
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The  figure  2  shows,  as  an  example,  the  different  effects  obtained  by  applying  some  kinds  of  deformations  to  the 
DAM’s  original  left  arm  (a),  and  thus  obtaining  a  simply  rotated  arm  (b)  or  a  rotated  arm  with  augmented  muscle 
in  correspondence  of  the  upper-limb  (active  contraction,  (c)),  or  both  the  upper-  and  lower-limb  (active  and 
passive  contraction,  (d)). 

A  direct  consequence  of  these  kinds  of  deformations  was  a  little  mass  variation.  In  particular,  even  the  rotation 
without  muscle  augmentation  led  to  a  mass  increasing  as  long  as  the  structure  to  bend  was  rather  thin  (arm,  legs), 
but  the  mass  was  found  to  be  reduced  while  bending  larger  structures  such  as  the  pelvis.  Therefore,  particular 
attention  had  to  be  paid  in  assigning  the  suitable  deformation  parameters,  in  order  to  guarantee  the  total  mass 
conservation. 

A  picture  of  the  final  result,  that  is  the  seated  DAM  phantom,  is  shown  in  Figure  3,  laterally  on  the  right. 


Figure  2:  The  pictures  show  four  slices  corresponding  to  the  same  depth  of  the  DAM  arm:  in  the  original 
position  (a),  bended  with  a  rotation  of  45  degrees  (b),  as  well  as  deformed  to  reproduce  the  muscle 
contraction,  only  in  correspondence  of  the  upper-arm  (c),  or  both  in  the  upper-  and  fore-arm.  The 
white  curves  roughly  indicate  the  regions  where  the  deformations  were  applied. 

FDTD  calculation 

Following  a  well  known  procedure,  in  classic  FDTD  [11]  one  writes  centred  finite  difference  analogues  of  the 
six  partial  differential  scalar  equations  corresponding  to  the  two  Maxwell’s  curl  time  domain  ones.  Due  to  the 
particular  choice  of  the  lattice  fields’  sampling  points,  such  finite  equations  are  second-order  accurate,  both  in 
space  and  time.  As  an  initial  value  problem  (IVP)  fully  explicitly  formulated,  the  classic  FDTD  method  is 
subjected  to  a  stability  condition,  the  so-called  Courant-Friedrichs-Lewy  (CFL)  condition. 

Moreover,  the  FDTD  method  needs  to  be  supplemented  by  a  suitable  boundary  condition  (BC)  on  the  outer 
surface  of  the  computational  domain  to  truncate  the  lattice  and  thus  overcoming  finite  memory  allocation 
capabilities.  To  this  end  many  authors  developed  special  BCs  which  are  known,  in  the  FDTD  community,  as 
absorbing  boundary  conditions  (ABCs)  or  radiation  boundary  conditions  (RBCs).  They  permit  a  mesh  truncation 
with  a  minimum  amount  of  back-reflection  into  the  computational  domain. 

In  our  work  we  implement  the  anisotropic  PML  condition  [12],  which  makes  use  of  a  uniaxial  anisotropic  lossy 
Maxwellian  (i.e.,  unsplit)  material.  Our  absorbing  layer  depth  is  standardized  to  20  extra  cells.  Special  care  has 
to  be  given  to  the  8  corner,  the  12  edges  and  the  6  faces  of  such  an  additional  outer  absorbing  lattice.  The 
coefficients  for  the  various  sub-regions  and  other  relevant  parameters  are  pre-calculated  before  the  FDTD 
iterations  start.  Cubic  smooth  onsets  of  the  conductivities  are  also  used.  A  very  low  residual  reflectivity  is 
accomplished. 

We  also  adopt  the  so-called  “pulsed”  FDTD  method,  which  makes  use  of  compact  excitation  pulses  and  an  in¬ 
line  discrete  Fourier  transform  (DFT)  of  the  system  response.  The  DFT  is  updated  every  space  sampling  point  at 
each  time  iteration.  A  plane  wave  excitation  is  launched  on  the  six  faces  of  a  so-called  Huygens’  box,  by  means 
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of  the  addiction  of  electric  and  magnetic  surface  equivalent  currents,  which  permit  the  total  field,  here  meant 
incident+scattered,  is  present  within  the  box  but  only  the  scattered  one  travels  outside  his  volume.  This  allows  an 
optimal  functioning  of  the  RBCs  since  they  work  on  fields  having  lower  amplitude  than  that  of  the  total  field  and 
with  incidence  near  to  the  normal  to  the  boundary.  The  conditions  on  this  box  are  parameterized  in  order  to 
launch  the  desired  excitation  (i.e.,  progressive  or  regressive  plane  waves  with  different  polarizations)  without 
changing  and/or  recompiling  the  code.  The  model  of  the  body  target  is  contained  in  a  sub-domain  separately 
dealt  with  by  the  subgridding  FDTD  routine,  which  works  coupled  with  the  exterior  one. 

In  [7]  it  is  demonstrated  that  refining  techniques  are  prone  to  instabilities  because  the  interface  between  fine  and 
coarse  grids  can  trigger  the  onset  and/or  the  amplification  of  high  frequency  components.  This  is  due  to  the 
different  numerical  dispersion  properties  of  the  two  grids.  In  particular,  components  which  may  freely  propagate 
in  one  grid  may  have  frequency  greater  than  the  Nyquist  limit  of  the  other  one.  Usually  these  frequencies  are 
over  the  maximum  frequency  of  interest  and  then  may  be  treated  as  spurious  components.  The  countermeasure 
proposed  in  [7],  and  here  implemented,  is  to  filter  out  such  frequencies  directly  at  the  fine-coarse  interface.  That 
is  why  we  call  the  technique  FB-algorithm  (Filtering  Based). 

It  is  not  straightforward  to  deal  with  filters  in  time  domain  calculations  such  the  FDTD  method.  In  principle, 
simple  low  pass  filters  are  applicable  by  using  recursive  techniques.  The  problem  is  that  they  would  introduce 
phase  delays  which  generate  unphysical  propagation  and  ultimately  lead  to  instabilities.  On  the  other  hand, 
implementing  a  zero-delay  filter  would  imply  having  at  hand  the  whole  time  history  of  the  quantity  to  be  filtered, 
a  thing  which  is  impossible  because  of  the  evolutive  nature  of  the  FDTD  method  itself. 

The  problem  has  been  solved  [7]  by  transforming  the  temporal  double  derivative  and  his  higher  orders  (used  to 
implement  the  filter)  into  a  set  of  spatial  ones  by  means  of  the  wave  equation.  Without  entering  in  details  here, 
the  filtering  action  is  obtained  by  a  sort  of  spatial  averaging  with  given  weight  coefficients.  Acting  at  the  space 
level  permits  the  in-line  updating  during  the  time  iterations.  This  allows  a  drastic  mitigation  of  the  instabilities, 
giving  us  the  chance  of  using  straight  refinement  factors  of  up  to  7  or  more,  without  resorting  to  the  recursive 
nesting  of  grids  (as  instead  it  was  usually  done  in  case  of  use  of  such  high  refinements)  which  is  severely 
computationally  onerous. 

Results  and  conclusions 

In  order  to  complement  the  findings  of  [2]  who  found  that  posture  may  give  rise  to  secondary  resonance  peaks,  a 
number  of  frequencies  in  the  range  0.1-4  GHz  have  been  evaluated.  For  each  of  them,  the  male  phantom  was 
accommodated  in  two  postures  (sitting  and  standing)  and  exposed  in  H  or  V  polarization  with  the  wave 
impinging  the  body  frontally  and  laterally.  The  results  are  summarized  in  Figures  3  and  4.  Since  our  method  for 
obtaining  the  phantom  does  not  allow  going  down  below  100  MHz,  we  could  not  evaluate  the  resonant  region  of 
the  spectrum.  Nevertheless,  results  in  the  analyzed  range  are  very  important  for  radioprotection  studies  since  the 
large  part  of  broadcasting  and  mobile  communication  sources  are  located  within  it. 

By  using  the  data  published  in  [13]  it  has  been  observed  that,  for  Visible  Human  phantom,  an  empirical 
relationship  holds  for  a  0.9  GHz  plane  wave  exposure.  It  states  that  the  whole  body  averaged  SAR  may  be 
approximately  calculated  as  0.6  times  the  flux  of  the  Poynting  vector,  times  the  minimal  rectangular  area 
circumscribing  the  largest  coronal  section  of  the  body  (it  was  illuminated  frontally)  and  divided  by  the  weight  of 
the  body. 

By  analyzing  our  phantoms,  we  found  that  the  factor  0.6  is  equivalent  to  the  ratio  between  the  area  of  the  largest 
coronal  section  of  the  body  and  the  minimal  rectangular  area  circumscribing  it.  Then  the  above  mentioned 
empirical  relationship  may  be  rewritten  as: 

SAR  b  a  S  —  U1 

where  S  is  the  power  density  in  W/m2,  A  is  the  body  area  meant  as  the  maximum  cross  section  perpendicular  to 
the  wave  number  vector,  and  M  is  the  mass  of  the  body.  This  is  not  surprising,  because  it  establishes  that  the 
power  absorbed  by  the  body  is  the  Poynting  flux  by  the  section  area;  then  this  power  distributes  in  the  body  and 
the  averaged  SAR  is  calculated  dividing  it  by  the  body  weight. 

It  is  expected  that  this  holds  just  at  high  frequencies  where  the  absorption  is  eminently  superficial.  For  this 
reason  we  report  this  approximated  value  only  above  3  GHz  in  the  graphs. 

Since  the  computational  burden  involved  in  the  calculation  is  rather  high  we  could  not  provide  results  on  a  dense 
set  of  frequencies;  thus,  in  case  a  fine  structure  were  present  in  the  spectrum,  it  would  not  be  discriminated. 
However,  it  is  probably  unrealistic  that  a  highly  irregular  behaviour  in  the  SARwb  would  occur  between  a  data 
point  and  the  other  one,  even  though  they  are  rather  sparse. 

In  [2]  sub-resonances  were  seen  slightly  above  100  MHz  for  the  sitting  posture.  Although  we  cannot  confirm 
those  results  until  a  very  dense  set  of  frequency  points  will  be  available,  we  may  draw  some  conclusions  from 
the  data  here  reported. 
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In  the  grounded  state  (as  are  the  phantoms  in  the  present  study)  main  body  resonance  for  the  standing  posture, 
occurs  around  40  MHz.  At  100  MHz,  first  point  of  our  set,  the  tail  of  the  resonance  peak  is  still  evident  when  the 
polarization  is  vertical  in  both  orientations.  It  is  more  pronounced  in  the  standing  posture  despite  the  sitting  one 
has  a  shorter  equivalent  height  and,  consequently,  a  resonant  frequency  nearer  to  100  MHz.  Probably,  since  the 
shape  of  the  body  does  not  resemble  anymore  a  linear  antenna,  the  absorption  is  smeared  on  a  larger,  but  less 
intense,  resonance  peak.  It  is  also  evident  from  the  graphs  that  the  peak  is  polarization-dependent:  the  SARwb  is 
minimal  at  100  MHz  with  horizontal  polarization,  which  seems  instead  to  show  its  maxima  around  500  MHz  or 
above. 

Probably  the  most  remarkable  conclusion  which  can  be  drawn  by  the  graphs  is  how  good  the  very  simple 
formula  {1},  is  able  to  provide  an  order-of-magnitude  SARwb  estimation  above  500  MHz  for  both  body 
orientations  (frontal  and  lateral).  The  larger  difference  between  the  two  body  orientations  is  found  for  the 
standing  posture,  where  the  cross  sectional  area  exposed  to  the  wave  almost  doubles  in  passing  from  lateral  to 
frontal  orientation.  Minor  differences  are  instead  visible  for  the  seated  case  where  the  frontal  cross  section  is 
diminished  by  the  femurs’  region  with  respect  to  the  standing  one. 

These  preliminary  results  suggest  that,  despite  the  roughness  of  formula  { 1  }-which  takes  into  account  neither 
the  dielectric  properties  of  the  body,  nor  its  shape  along  the  propagation  direction-it  gives  reasonably  good 
approximation  of  the  SAR  averaged  over  the  whole  body,  at  least  above  500  MHz. 

A  conclusive  statement  about  fulfilling  of  ICNIRP  [14]  limit  can  also  be  formulated:  thresholds  for  whole  body 
averaged  SAR  is  0.4  and  0.08  W/kg  for  occupational  and  general  public,  respectively.  From  that,  the  reference 
levels,  under  conservative  assumptions,  were  calculated  as:  10  and  2  W/m2,  till  400MHz,  a  linear  connection 
follows  up  to  50  and  10  W/m2  at  2  GHz  and  above  this  frequency  values  remain  unchanged  till  300  GHz.  Scaling 
the  SARwb  to  these  limits  allows  the  threshold  of  Figures  3  and  4  to  be  calculated.  As  it  is  shown  in  the  graphs, 
the  standing  posture  with  frontal  exposure  and  vertical  polarization  remain  the  conditions  for  which  the 
absorption  goes  nearer  to  threshold  although  never  reaching  them. 
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Figure  3:  Whole  body  averaged  SAR  (Poynting  flux  of  1  W/m2)  for  the  sitting  male  phantom.  In  black  and  gray 
the  frontal  and  lateral  exposition,  respectively.  The  polarization  is  vertical  (solid  lines)  or  horizontal 
(dashed  lines).  Approximated  values  are  obtained  by  formula  {1}.  Dotted  line  is  the  scaled  ICNIRP 
threshold  which  is  applicable  for  both  occupational  and  general  public. 
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Figure  4:  Whole  body  averaged  SAR  (Poynting  flux  of  1  W/m2)  for  the  standing  male  phantom.  In  black  and 
gray  the  frontal  and  lateral  exposition,  respectively.  The  polarization  is  vertical  (solid  lines)  or 
horizontal  (dashed  lines).  Approximated  values  are  obtained  by  formula  { 1 }.  Dotted  line  is  the  scaled 
ICNIRP  threshold  which  is  applicable  for  both  occupational  and  general  public. 
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Abstract 

The  purpose  of  our  experiments  was  to  measure  the  effects  of  1800  MHz  microwave  radiation  on 
membrane  anisotropy  of  a  human  blood  monocitar  and  trombocitar  cell  population.  Power  level  of  the 
applied  CW  microwave  radiation  was  low  enough  to  consider  it  to  be  athermal.  Experience  demonstrates 
that  the  natural  tendency  to  decrease  of  cell  membrane  anisotropy  is  favourised  by  microwave 
irradiation.  This  tendency  maintains  after  the  ceasing  of  microwave  irradiation. 


Introduction 

Due  to  the  extensive  use  of  electromagnetic  fields  in  everyday  life,  more  information  is  required  to  detect  the 
mechanisms  of  interaction  and  the  possible  side  effects  of  microwave  radiation  on  the  structure  and  function  of 
the  organism.  The  target  of  these  experiments  was  to  find  the  effects  of  1800  MHz  microwave  radiation  on 
human  cells.  This  frequency  was  chosen  because  it  is  used  for  the  extension  of  mobile  telephony  systems.  The 
biologic  parameter  followed  in  experiments  was  the  membrane  anisotropy  of  human  blood  monocytes  and 
trombocytes. 


Experimental  method 
Principle  of  the  method 

The  membrane  fluidity  of  irradiated  and  nonirradiated  human  blood  cells  was  monitored  by  fluorescence 
anisotropy  measurements  of  TMA  -  DPH  labeled  cells.  Fluorescence  anisotropy  was  measured  before,  during 
and  after  microwave  irradiation  of  human  blood  monocytes  and  trombocytes. 

The  principle  of  the  method  consists  in  labeling  the  cellular  membrane  with  a  specific  fluorescent  dye.  TMA  - 
DPH  with  the  formula  shown  in  Fig.l  binds  on  the  hydrophilic  external  surface  of  the  cell  membrane. 


N'lCH,), 


Fig.l.  Formula  of  1  -  [4  -  (trimethilammonium)  phenyl]  -  1,  3,  5  -  hexatriene  (TMA  -  DPH) 

The  biological  sample  is  then  illuminated  with  vertically  polarized  light. 

Upon  excitation  of  a  molecule  with  vertically  polarized  light,  the  molecule  will  emit  a  fluorescent  radiation 
more  or  less  polarized,  depending  on  the  degrees  of  freedom  of  the  molecule  during  the  lifetime  of  the  excited 
state.  Depolarization  degree  of  fluorescent  light  is  a  measure  of  the  fluorophore  freedom  and  therefore  it  is  a 
measure  of  fluidity  of  the  surrounding  medium.  Both  the  absorption  and  the  emission  of  polarized  light  by  a 
molecule  are  due  to  electronic  transitions.  A  molecule  can  absorb  a  photon  only  if  the  molecular  transition 
moment  lies  in  the  polarization  plane  of  the  exciting  incident  light.  Reciprocal,  when  it  comes  back  in  the  initial 
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status,  the  excited  molecule  emits  light  polarized  in  the  plane  of  molecular  transition  moment.  It  follows  that 
from  a  populations  of  molecules  randomly  oriented,  illuminated  with  polarized  light,  only  a  sub-population  will 
be  excited  (those  with  the  molecular  transition  moment  properly  oriented). 

An  excited  molecule  will  remain  in  this  status  only  a  small  (some  nanoseconds)  time  -  naturally  lifetime  of 
excited  status.  After  this  time  it  will  relax  emitting  polarized  light  in  the  manner  described  above.  If  during 
naturally  lifetime  of  excited  status  the  molecule  changes  its  position  (due  to  the  thermal  agitation)  the  emitted 
light  will  be  in  other  direction  that  the  absorbed  exciting  light.  It  follows  that,  naturally,  the  emitted  light  from 
this  molecular  population  will  have  a  polarizing  index  smaller  than  the  incident  light.  The  depolarizing  degree  is 
a  measure  of  the  freedom  of  movement  of  the  molecules  in  the  fluid,  therefore  a  measure  of  the  fluidity. 

Usually,  the  incident  light  is  vertically  polarized  and  the  measurement  of  the  polarization  of  the  emitted  light  are 
made  in  vertical  (Iw)  and  in  the  horizontal  plane  (Ivh)  where  the  indexes  v  and  h  refers  to  the  vertical, 
respectively  horizontal  polarizing  plane. 

The  monitored  parameter  is  the  fluorescence  anisotropy  index  r  of  the  emitted  light  defined  as: 


jvv  ~  GIVH 

lyV  + 


(1) 


where: 

Iw  =  recorded  intensity  of  vertically  polarized  fluorescence  light  when  excitation  light  is  vertically 
polarized; 

IVh  =  recorded  intensity  of  horizontally  polarized  fluorescence  light  when  excitation  light  is  vertically 
polarized; 

G  =  correction  factor  depending  on  the  fluorimeter  used  in  measurements;  it  is  due  to  the  imperfection 
of  the  detection  system  and  of  monochromators. 

G  =  hivsl  (2) 


where: 

Ihv  =  recorded  intensity  of  vertically  polarized  fluorescence  light  when  excitation  light  is  horizontally 
polarized; 

Ihh  =  recorded  intensity  of  horizontally  polarized  fluorescence  light  when  excitation  light  is 
horizontally  polarized; 

The  wavelength  of  excitation  and  emission  light  were  ^excitation  =  356  nm  and  Emission  =  429  nm,  respectively. 

By  measuring  the  depolarizing  of  the  light  emitted  by  this  fluorescent  material  it  is  possible  to  evaluate  the 
membrane  fluidity.  A  high  value  of  anisotropy  means  the  stiffening  of  the  membrane  and  inverse,  a  low  value 
corresponds  to  a  more  fluid  membrane. 

The  purpose  of  our  experiments  was,  using  the  above  exposed  method,  to  measure  the  membrane  anisotropy  of 
a  monocitar  human  blood  cell  population  irradiated  with  1800  MHz  microwave  radiation  and  to  compare  it  with 
the  membrane  anisotropy  of  non-irradiated  cells. 

Biological  material  (blood  platelets)  used  in  experiments  was  taken  over  from  two  healthy  human  donors  and 
separated  by  centrifugation.  Labeling  of  the  blood  cell  (monocytes  and  trombocytes)  membranes  was  done  in  5 
pi  of  TMA  -  DPH  stock  solution  (0.5  mM  TMA  -  DPH  in  dimetylformamide  -  DMF)  and  1  ml  of  cell 
suspension  were  added  to  1  ml  Ringier  solution  in  a  fluorimeter  cuvette  with  dimensions  1x1x5  cm3. 

Microwave  experimental  setup 

The  experimental  arrangement  allows  simultaneous  application  of  the  polarized  light  and  of  the  microwave 
radiation.  The  microwave  experimental  setup,  it  is  presented  in  Fig. 2.  It  consists  in  a  microwave  generator 
followed  by  a  variable  attenuator  and  an  isolator  with  the  role  to  prevent  the  reflected  waves  to  reach  the 
emitting  device.  The  microwave  chain  contains  two  20  dB  directional  couplers  mounted  as  in  Fig. 2  in  order  to 
measure  the  direct  and  reflected  power  traveling  in  setup.  Via  two  identical  detectors,  two  voltages  proportional 
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with  the  direct  and  reflected  microwave  powers  are  displayed  on  the  voltmeters  (1)  and  (2).  Prior  the  beginning 
of  the  experiments  a  calibration  step  is  performed. 


A1 


B' 


C1 


(a) 


Biological  sample 


(b) 


Fig.2.  The  microwave  setup  (a)  and  the  applicator  (b) 


The  radiating  element  is  a  7J2  antenna  (applicator)  made  using  a  semi-rigid  cable.  The  external  metallic  shield 
of  the  cable  was  removed  on  a  length  of  12  mm  (section  AA’)  and  the  cable  dielectric  was  removed  on  a  length 
of  6  mm  (section  (BB’)  exposing  6  mm  of  central  conductor.  The  antenna  is  introduced  in  the  container  in  such 
a  manner  that  the  exposed  dielectric  and  the  central  conductor  are  totally  submersed  in  the  biological  fluid  (up  to 
the  section  AA’). 

The  microwave  power  level  effectively  injected  in  the  biological  sample  is  the  difference  between  direct  power 
level  and  reflected  power  level  and  minus  the  losses  in  cables  and  transitions. 


Experiments  and  results 

Experiments  on  human  monocytes  membrane  anisotropy 

From  the  power  balance  previously  presented  results  a  microwave  power  of  approx.  70  mW  CW  effectively 
injected  in  the  biological  sample.  Because  the  content  of  the  mini-container  is  approx.  4  g  of  biological  sample  it 
results  a  SAR  =18  mW/g. 

Anisotropy  of  monocyte  membrane  was  measured  for  90  min  at  time  intervals  of  5  min.  In  the  first  30  min  the 
microwave  radiation  was  not  applied  so  that  the  anisotropy  variation  in  this  time  interval  vas  considered  as  a 
measure  for  natural  anisotropy  decrease.  In  the  next  30  min  the  biological  samples  were  irradiated  in  the 
conditions  presented  above.  Finally,  for  the  last  30  min  the  microwave  radiation  was  interrupted  but  the 
measurements  continued  at  the  same  time  interval  of  5  min  each  in  order  to  see  the  evolution  of  anisotropy 
following  the  irradiation. 

The  obtaining  results  are  displayed  in  Tab.l  prior  to,  during  and  after  the  microwave  irradiation.  The 
normalization  was  made  to  the  values  of  anisotropy  at  the  beginning  of  the  experiments.  One  can  see  that  the 
natural  tendency  of  anisotropy  is  to  decrease  (in  the  first  30  min)  and  this  tendency  is  maintained  during  the 
irradiating  session  and  also  after  the  interruption  of  microwave  application. 

In  order  to  have  a  better  understanding  of  the  microwave  effects,  a  number  of  samples  pairs  were  chosen 
following  the  criterion  of  closest  values  of  the  rate  of  the  anisotropy  decrease  in  the  first  30  min  (without 
microwave  irradiation).  One  of  the  components  of  each  pair  was  then  irradiated  with  microwaves  and  the  other 
was  kept  as  reference.  The  rate  of  anisotropy  decrease  was  measured  during  the  microwave  application  and  in 
the  post-irradiation  time. 

The  results  for  four  pairs  of  biological  probes  are  presented  in  Table  2.  There  is  shown  the  difference  between 
rates  of  the  anisotropy  decrease  in  the  two  biological  samples  in  each  pair.  One  may  see  an  increasing  rate  of 
this  parameter  during  the  irradiation  time,  tendency  maintained  also  in  post-irradiation  time. 


355 


SAJIN,  SAVOPOL,  SAJIN,  KOVACS,  MIRON 


TABLE  I 

Decreasing  of  the  Anisotropy  (Normalized  Values) 


Pre-irradiation 

Irradiation 

Post-irradiation 

Time 

(min) 

Value 

Time 

(min) 

Value 

Time 

(min) 

Value 

5 

0,974 

35 

0,884 

65 

0,846 

10 

0,953 

40 

0,886 

70 

0,848 

15 

0,921 

45 

0,878 

75 

0,808 

20 

0,910 

50 

0,867 

80 

0,841 

25 

0,904 

55 

0,835 

85 

0,850 

30 

0,900 

60 

0,847 

90 

0,811 

TABLE  2 

Difference  Between  Anisotropy  Decrease  Rates  of  the  Monocytic  Cells  in  Each  Sample  Pair. 


Time 

(min) 

Differences  in  rates  of  anisotropy  decrease  (absolute  values) 

1st  pair 

2nd  pair 

3rd  pair 

4th  pair 

0 

0.000 

0.000 

0.000 

0.000 

5 

0.010 

0.010 

0.018 

0.000 

10 

0.009 

0.016 

0.005 

0.004 

15 

0.011 

0.014 

0.014 

0.006 

20 

0.010 

0.026 

0.006 

0.003 

25 

0.012 

0.006 

0.004 

0.005 

30 

0.011 

0.018 

0.018 

0.005 

35 

0.013 

0.023 

0.060 

0.006 

40 

0.014 

0.010 

0.026 

0.008 

45 

0.026 

0.013 

0.036 

0.019 

50 

0.027 

0.022 

0.024 

0.017 

55 

0.025 

0.017 

0.044 

0.015 

60 

0.035 

0.063 

0.048 

0.014 

65 

0.040 

0.066 

0.033 

0.022 

70 

0.034 

0.050 

0.028 

0.021 

75 

0.032 

0.064 

0.029 

0.027 

80 

0.041 

0.046 

0.042 

0.028 

85 

0.032 

0.055 

0.041 

0.033 

90 

0.039 

0.083 

0.004 

0.034 

The  results  showing  the  anisotropy  increasing  rate  were  drawn  for  the  first  and  the  second  biological  sample 
pairs  in  Fig. 3  ...  6. 


Time  (min) 

-♦ — Before  irradiation  — ■ — During  irradiation  — A — After  irradiation 


Fig. 3.  Anisotropy  decreasing  rate  for  the  first  biological  monocytic  sample  pair  (see  Table  IT) 
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Before  irradiation  — ■ —  During  irradiation  — A —  After  irradiation 


Fig  A.  Anisotropy  decreasing  rate  for  the  second  biological  monocytic  sample  pair  (see  Table  II) 
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Fig.  5.  Anisotropy  decreasing  rate  for  the  third  biological  monocytic  sample  pair  (see  Table  II) 
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Fig.  6.  Anisotropy  decreasing  rate  for  the  fourth  biological  monocytic  sample  pair  (see  Table  II) 


Experiments  on  human  trombocytes  membrane  anisotropy 

Experiments  made  using  a  trombocitar  population  obtained  from  human  blood  are  similar  with  those 
concerning  monocitar  population.  The  same  microwave  irradiation  setup  was  used.  There  are,  nevertheless, 
some  differences. 

a)  The  experiments  were  made  using  two  microwave  power  levels:  7  mW  and  60  mW,  meaning  SAR  values 
of  1.75  mW/g  and  respectively  15  mW/g. 

b)  The  total  experimental  time  was  3  h,  each  measurement  being  made  at  5  min  time  interval.  The 
microwave  irradiation  was  applied  in  the  second  hour  of  the  experiment  (between  minutes  60  and  120). 

c)  In  each  day  was  made  an  experiment  using  the  same  trombocitar  concentrate.  There  were  four 
experiments  in  four  days  but,  for  the  sake  of  space  saving,  only  the  results  of  first  two  experiments  are 
presented.  The  other  results  are  very  similar. 
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The  power  levels  are  done  at  the  point  (a). 

The  values  of  anisotropy  obtained  in  these  experiments  are  presented  in  Table  3  and  the  graphs  representing 
these  values  are  presented  in  Figs.  7  -  10. 


TABLE  3 

Normalized  Values  of  Trombicytic  Membrane  Anisotropies  Obtained  by  Microwave  Irradiation 


Time 

(min) 

First  day  experiments 

Second  day  experiments 

7  mW 

60  mW 

7  mW 

60  mW 

0 

1.000 

1.000 

1.000 

1.000 

10 

0.972 

0.993 

1.030 

0.980 

20 

0.974 

1.003 

0,980 

1.024 

30 

1.001 

0.995 

0.962 

1.000 

40 

0.961 

0.970 

0.97 

0.975 

50 

1.000 

0.952 

0.93 

0.950 

60 

0.960 

0.982 

0.95 

0.951 

70 

0.968 

0.980 

0.922 

0.962 

80 

0.961 

0.969 

0.913 

0.957 

90 

0.921 

0.971 

0.918 

0.971 

100 

0.950 

0.961 

0.892 

0.950 

110 

0.926 

0.954 

0.887 

0.938 

120 

0.940 

0.960 

0.861 

0.930 

130 

0.962 

0.950 

0.862 

0.900 

140 

0.93 

0.948 

0.864 

0.870 

150 

0.932 

0.945 

0.888 

0.870 

160 

0.92 

0.915 

0.880 

0.800 

170 

0.908 

0.900 

0.847 

0.770 

180 

0.912 

0.874 

0.830 

0.720 
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Fig.  7.  Evolution  of  the  trombocytes  membrane  anisotropy  in  the  first  day  of  experiments. 

Applied  microwave  power:  7  mW 
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Fig.  8.  Evolution  of  the  trombocytes  membrane  anisotropy  in  the  first  day  of  experiments. 

Applied  microwave  power:  60  mW 
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-  During  irradiation 


After  irrdiation 


Fig.9.  Evolution  of  the  trombocytes  membrane  anisotropy  in  the  second  day  of  experiments. 

Applied  microwave  power:  7  mW 


Before  irradiation 


-  During  irradiation 


After  irrdiation 


Fig.  10.  Evolution  of  the  trombocytes  membrane  anisotropy  in  the  second  day  of  experiments. 

Applied  microwave  power:  60  mW 


359 


SAJIN,  SAVOPOL,  SAJIN,  KOVACS,  MIRON 


Conclusions 

In  the  above  presented  experiments  power  level  of  the  applied  microwave  radiation  was  low  enough  to  consider 
it  to  be  athermal.  From  the  numerical  data  and  the  drawings  presented  in  this  paper  one  may  conclude  the 
following: 

a)  During  the  experience  (with  or  without  microwave  irradiation)  the  tendency  of  anisotropy  of  human  blood 
monocytes  membrane  anisotropy  is  to  decrease; 

b)  This  decrease  is  greater  when  1800  MHz  microwave  radiation  is  applied.  This  tendency  is  maintained  after 
the  ceasing  of  microwave  irradiation. 

c)  For  a  better  emphasizing  of  this  result,  for  monocytes  cellular  population,  samples  pairs  of  blood  samples 
were  chosen  following  the  criterion  of  closest  values  of  the  speed  of  the  anisotropy  decrease  in  the  first  30  min. 
The  speed  of  the  anisotropy  decrease  was  evaluated  in  the  time  and  after  the  microwave  irradiation.  The  result  is 
presented  in  Table  2  and  in  Figs  1  and  2,  showing  the  same  effect  on  the  speed  of  anisotropy  decrease. 

d)  For  a  population  of  trombocytic  cells,  the  anisotropy  of  the  cellular  membrane,  also,  decrease  both  during 
and  after  ceasing  of  the  microwave  radiation.. 

e)  The  slope  of  the  decreasing  curve  is  greater  after  irradiation  with  60  mW  microwave  radiation.  It  seems  like 
RF  radiation  favours  the  decrease  rate  of  membrane  anisotropy. 
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Abstract 

The  aim  of  the  study  was  to  assess  the  long-term  effects  of  electromagnetic  radiation  (EMR)  on  cardiovascular 
system  of  medical  staff  in  physiotherapies.  52  exposed  subjects  (4  male  and  48  female;  aged  47.3  ±  8.7  yrs.) 
and  a  control  group  of  52  subjects,  matched  by  sex  and  age,  with  similar  job  characteristics  except  for  EMR 
were  studied.  The  EMR  exposure  from  appliances  emitting  at  50  Hz,  150  kHz,  27.12  MHz,  2.45  GHz  was 
assessed.  The  workload  and  psychosocial  factors  were  followed,  too.  The  cardiovascular  risk  factors  arterial 
pressure,  lipid  profde,  body  mass  index,  waist/hip  ratio,  smoking,  alcohol  consumption,  nutrition,  family 
history  of  cardiovascular  disease  were  studied.  The  incidence  of  hypertension  was  moderate  with  the  studied 
physiotherapists  (26.9  %  v.s.  23.8  %  with  the  control  group).  The  total  cholesterol  (TC)  and  low-density 
lipoprotein  cholesterol  (LDL-C)  were  significantly  higher  in  the  exposed  group.  The  odds  ratios  indicate  higher 
chance  of  becoming  dyslipidemic  with  the  exposed  to  EMR  subjects  [for  TC  OR  (95  %  Cl)  =  1.570  (1.048  - 
2.351)  and  for  LDL-C  OR  (95  %  Cl)  =  1.840  (1.158  -  2.924)].  In  conclusion,  our  data  show  that  the  EMR 
exposure  of  the  medical  staff  in  physiotherapies  is  associated  with  the  adverse  effects  on  cardiovascular  system. 
Key  words'.  Arterial  hypertension,  dyslipidemia,  EMR  exposure,  long-term  effects,  health  risk 

Introduction 

Physiotherapetists  are  exposed  to  many  risks  in  their  work  environment,  some  common  for  the  health  care 
workers,  and  some  specific  for  the  profession,  such  as  the  exposure  to  electromagnetic  radiation  (EMR), 
emitted  from  pulsed  magnets,  d’Arsonvale  devices,  equipment  for  microwave  and  high  frequency  diathermy, 
optical  sources  (UV,  IR  and  visible),  lasers.  Some  of  the  devices  emit  electromagnetic  radiation  above  the 
exposure  limits,  rising  health  concerns. 

The  general  health  status  of  physiotherapiscs  is  largely  unknown  (Cromie  et  al.  2002),  but  some 
studies  suggest  possible  adverse  health  effects  of  the  EMR  exposure,  including  increased  risk  of  cardiovascular 
diseases.  Hamburger  et  al.  (1983)  found  positive  relation  between  the  EMR  exposure  and  heart  disease  in 
physiotherapists,  but  in  the  study  the  exposure  was  categorized  as  either  high  or  low  on  the  base  of  mean 
number  of  employed  years  and  mean  number  of  treatments  delivered  by  week.  More  attention  has  been  paid  to 
the  health  risks  of  radiofrequency  EMR  exposures  in  communications,  but  there  still  exist  controversies 
concerning  the  effects  of  long-term  exposures  to  low-level  EMR  (recent  reviews  Repacholi,  1998,  Krewski  et 
al.  2001,  Vangelova  and  Deyanov  2003.  Jauchem  (1997)  reviewed  the  epidemiological  studies  with  a  general 
conclusion  that  they  had  not  yielded  any  obvious  cardiovascular  related  hazards  on  long-term  low-level 
exposures,  in  spite  of  the  presence  of  various  physiological  effects.  Our  earlier  data  showed  high  rate  of 
hypertension  in  broadcasting  and  TV  station  operators  (Israel  and  Tomov,  2000).  A  second  study  was  carried 
by  our  group  in  49  broadcasting  and  61  TV  station  operators  (Vangelova  et  al.  2006)  in  order  to  confirm  the 
previous  findings,  enlarged  with  serum  lipids,  and  showed  significantly  higher  chance  of  becoming 
hypertensive  and  dyslipidemic  in  broadcasting  and  TV  station  operators  exposed  to  radiofrequency  EMR. 
Slight,  subclinical  ECG  abnormalities,  accompanied  by  symptoms  of  sympathicotony  in  heart  variability,  shifts 
in  the  diurnal  rhythms  of  blood  pressure  and  heart  rate  in  77  AM  broadcasting  station  operators  (0.7-1.5MHz) 
were  reported  (Bortkiewicz,  1995;  Szmigielski,  1998).  Szmigielski  (2000)  confirmed  the  above  data  in  a  study 
on  38  workers  in  radio  transmitting  centers,  exposed  to  10-30  MHz  EMF. 

The  aim  of  the  study  was  to  assess  the  long-term  effects  of  EMR  on  the  cardiovascular  system  of 
medical  staff  in  physiotherapies. 
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Material  and  methods 

The  cardiovascular  risk  was  assessed  in  52  physiotherapists  (4  males  and  48  females)  working  with 
EMR  emitting  devices  of  age  47.3  ±  8.7  years  and  length  of  service  23.0  ±  9.5  years.  A  control  group  of  52 
subjects  from  the  same  hospitals  were  examined,  matched  by  sex,  age  and  shift  work  schedules,  with  similar 
job  characteristics  except  for  the  EMR.  Their  age  was  47.8  ±  8.5  and  length  of  service  of  21.6  ±  4.6  years.  The 
investigated  subjects  signed  an  informed  consent. 

EMR  exposure  assessment 

There  are  a  variety  of  sources  of  EMR  in  physiotherapies,  emitting  in  the  frequency  range  from 
constant  fields  (F  =  0  Hz)  to  optic  radiation.  This  puts  substantial  difficulties  to  the  elaboration  of  a  precise 
workplace  exposure  assessment,  complicated  by  variety  of  situations  in  different  cabinets,  number  of  patients, 
etc.  The  scope  of  the  devices  in  the  studied  units  is  the  following: 

>  Devices  for  local  thermotherapy  (“Chinese  vacuum  cleaner”  -  Qi  Gong); 

>  Equipment  for  galvanotherapy,  ion  -  galvanotherapy  and  electrostimulation,  “bipulsator”  (for  therapy 

with  electric  pulses),  diadynamic; 

>  Devices  for  local  franklinization  -  “ion  shower”; 

>  Equipment  for  low  frequency  diathermy,  diathermal  ion  galvanization  and  diathermal 

electrostimulation; 

>  D’Arsonvale  devices; 

>  Equipment  for  treatment  with  magnetic/electric  field  within  the  radiofrequency  (RF)  range  (27.12 

MFlz),  and  with  microwaves  (2,45  GFlz)  for  inductive-thermal  therapy; 

>  Microwave  electropyrexia; 

>  Devices  for  photo-therapy: 

•  Solariums; 

•  UV  lamps  for  individual  UV  therapy; 

•  UV  sources  application  of  the  PUVA  method  of  therapy; 

•  Lamps  of  types  “SOLUX”  and  “INFRAROUGE”; 

•  Laser  diodes,  gas  lasers  and  other  sources  of  coherent  light. 

We  used  the  approach  of  individual  assessment  of  EMR  in  physiotherapies,  described  earlier  (Israel 
and  Tschobanoff,  2006).  In  order  to  establish  unified  conditions  for  exposure  assessment  for  different 
frequencies  (over  the  overall  frequency  range)  we  applied  a  general  unified  indicator  associated  with  the 
energetic  irradiation  dose,  according  to  the  ICNIRP  Guidelines  (1),  ACGIH  TLVs  (2),  and  the  Bulgarian 
National  Standards  (3,  4). 

The  energy  load  of  the  human  organism  is  defined  for  three  cases  as  a  derived  quantity  of  energy 
falling  at  external  irradiation:  WE,  WH  and  Ws,  based  on  dispersed  energy  per  time  unit  on  human  body  during 
the  official  working  shift.  Measurable  quantities  are  used  -  intensities  and  power  density  according  to  the 
distance  from  the  generator  to  the  measuring  device  and  the  respective  frequency  range  of  the  single  photon. 

SAR  is  the  specific  value  of  power  absorbed  by  the  recipient;  SA  is  the  specific  value  of  the  respective 
absorbed  energy  according  to  the  calculated  SAR. 

As  SAR  is  introduced  by  the  dimension  of  base  metabolism  of  an  adult  man  (175  cm/70  kg)  the  dimension  of 
SA  is  the  dimension  of  SAR  by  the  time,  that  is 

SA  =  SAR.t  [j/kg] 

The  two  types  of  quantities  -  WE,  WH  and  Ws  on  the  one  side,  and  SAR,  SA  on  the  other  do  not  differ 
substantially  in  conditions  of  air  equivalent  environment  and  a  human  body  situated  in  it. 

SAR  is  introduced  through  Human  Equivalent  Antenna.  If  the  respective  effective  area  is  Ae,  then  through 
relationships  between  the  dimensions  of  the  quantities  W  and  SA  following  by  the  definition  for  power  and 
from  the  way  of  determining  human  body  exposure,  the  quantity  W  corresponds  to  whole  body  value  of  SA  at 
constant  body  weight  and  unchanging  mean  conductivity  of  the  tissue,  standardized  to  the  effective  exposure 
area  Ae.  The  magnitude  of  the  latter  on  its  part  depends  on  the  mutual  orientation  of  a  standing  person  and  the 
intensity  of  the  falling  electric  field  E. 

The  measurable  quantity  in  all  cases  is  the  same  -  E  [V/mj.  Consequently  WE  will  incorporate  the 
definition  of  SA  and  vice  versa. 

The  exposure  duration:  real  exposure  time  at  work  with  a  device  Tapp  [It],  followed  by  chronometer 
measurements,  and  a  total  duration  of  the  working  shift  T  //i.were  registered.  The  duration  time  is  introduced 
by  the  number  of  devices  and  the  number  of  patients  serviced  by  the  individual. 


362 


CARDIOVASCULAR  RISK  IN  PHYSIOTHERAPISTS 


The  method  was  unified  for  the  equipment,  the  distances  to  the  particular  device  and  the  mandatory 
restrictions  to  the  behavior  of  the  physicist/engineer,  performing  the  measurement.  The  major  characteristics  of 
the  method  are  the  6  mandatory  distances  to  the  different  types  of  generators  determined  depending  on  the 
frequency  range  of  the  radiation.  They  conform  to  the  requirements  for  measurement  in  the  far  and  near  field 
zones  and  the  requirements  for  determination  of  SAR  in  different  cases  of  electromagnetic  energy  falling  on  a 
standing  human. 

The  dose  as  a  function  of  the  squared  mean  measured  intensity  was  presented  by  the  SAR  quantity.  Our 
calculation  formulation  were  based  on  the  vision  of  the  averaged  dose:  the  dose  (calculated  with  the  actual 
measured  values  of  the  field  and  exposure  time)  multiplied  by  the  mean  geometric  value  of  the  partial  doses  on 
the  distance  from  the  physician/nurse  to  the  patient  rt  and  the  dose  of  the  same  to  another  characteristic  distance 
(one  of  the  cited  -  r,-,  i  ^  1).  Thus  a  characterizing  quantity  was  obtained  which  is  a  non-dimensional  growing 
sum  D  : 

OiWN;,.) 

Here  1/q  was  a  non-dimensional  quantity  -  ratio. 

The  squared  field  strength  (E2)  used  for  the  dose  assessment  was  equal  to  the  product  of  the  measured 
intensity  of  the  field  at  distance  /'/  and  the  sum  of  weighed  intensities  of  the  other  5  distances.  The  method 
allows,  at  unified  measurements,  the  elaboration  of  individual  exposure  assessment  for  each  person  in 
physiotherapy  through  calculations  depending  on  the  number  of  devices,  number  of  patients  and  the  actual 
configuration  of  the  ward. 

Physiotherapy  devices  and  calculated  values  of  the  exposure  for  every  device/for  one  person  of  the  personnel 
were  as  follows: 


1.  Device  “Megatherm”: 

SAR  <3.71  W/kg 

/=  27.12  MHz;  basic  restrictions  (br)  for  whole  body  SAR:  SARbr  =  0.4  W/kg 


2.  UHF  acoustic  generator  for  ultrasound  therapy:  f  <  2.5  MHz: 
(measurements  in  the  frequency  range  f  <  2  kHz) 

j  ~  3.8  mA/m2 

f  <2  kHz;  basic  restrictions  for  the  induced  current:  jbr  <2  mA/m2 

3.  UHF  66  (Russia): 

SAR  <9.8  W/kg 

/  <2  kHz;  basic  restrictions  for  the  induced  current:  jbr  <2  mA/m2 


4.  Magnet  N  80  (Bulgaria): 

5.  Magnet  NM  (Bulgaria): 


j  * 0.31  A/m2 
j  *0.28  A/m2 


Light  sources  (polychromatic) : 
restrictions  according  to  ACGIH  (2004): 

IR:  S  <  1.8.f3/4  W/cm 2  (for  cornea  and  lens) 

IR:  S  < 0.6/a  W/cm2.sr  (for  retina  protection) 

IR  (with  blue  light  filter  -  Bl):  1  pW/cm2,  and  :  tmax  <10  mJ/cm2/S 
UV  and  visible  light:  tmax  <0.003  J/cnf/S 


6.  Quartz  (UVB-1,  UVB,  UVA,  Visible: 

7.  Solux  Infrarouge,  without  filters: 

8.  Solux  Infrarouge,  with  filter  Bl: 


S  *  17.6  m  W/cm2 
S  *286.1  mW/cm2 
S  *4.9  m  W/cm" 
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9.  Interferenz  -  Endovak: 

/ <100  kHz;  basic  restrictions  for  the  induced  current:  jbr  <  1  A/nf 

10.  Diadynamik  (Bulgaria): 

11.  Galvanostat  (Bulgaria): 

/=  150  + 300  kHz;  basic  restrictions  (br)  for  whole  body  SAR:  SARbr  =  0.4  W/kg 

12.  D’Arsonval: 


j  «■  0. 69  A/nf 


j  &  0.1 5  mA/nf 
j  &  0.1 5  mA/nf 


SAR  <  0.4  W/kg 

/=  27.12  MHz;  basic  restrictions  (br)  for  whole  body  SAR:  SARbr  =  0.4  W/kg 


13.  UHF  66  (Russia): 

SAR  <9.8  W/kg 

/=  2450  MHz;  basic  restrictions  (br)  for  whole  body  SAR:  SARbr  =  0.4  W/kg; 
for  limbs  SAR/oc  =  20  W/kg 
for  head  SAR/oc  =  10  W/kg 


14.  Radarmed  (2  devices): 

with  symmetric  applicators 

SAR  <0.31  W/kg 

with  conical  applicator 

SAR  <5.3  W/kg 

Light  sources  (polychromatic) : 

restrictions  according  to  ACG1H  (2004): 

IR:  S  <  1.8.  f 3/4  W/cnf  (for  cornea  and  lens) 

IR:  S  < 0.6/a  W/cm2.sr  (for  retina  protection) 

IR  (with  blue  light  filter  -  Bl):  1  pW/cnf,  and  :  tmax  <10  mJ/cm2/S 
UV  and  visible  light:  tmax  <0.003  J/cnf/S 


The  relative  values  for  the  whole  frequency  range  in  each  physiotherapy  were  calculated  and  the 
obtained  quota  was  much  larger  than  1 . 

Confounding  factors  as  noise,  microclimate  and  psychosocial  factors  were  followed  and  showed  no 
differences  between  the  groups. 


The  cardiovascular  risk  was  assessed  on  the  base  of  arterial  pressure,  lipid  profile,  body  mass  index 
(BMI),  waist  circumference,  smoking  habits,  family  history  for  cardiovascular  disease,  etc.  The  arterial 
pressure  was  measured  with  Hg  sphygmomanometers  two  times  in  a  period  of  three  months.  The  hypertension 
was  defined  using  the  JNC  VI  (1997),  as  well  as  preliminary  physicians  diagnosis.  Weight,  height  and 
circumferences  at  the  narrowest  part  of  the  waist  were  recorded,  and  the  BMI  was  calculated. 

Blood  for  analysis  was  obtained  after  an  overnight  fast.  The  lipid  profile  included  the  following 
indices:  total  cholesterol  (TC),  high  density  lipoprotein  cholesterol  (HDL-C),  low  density  lipoprotein 
cholesterol  (LDL-C),  triglycerides  and  TC/HDL-C  ratio.  The  assessment  of  the  lipid  indices  was  performed 
with  enzymatic  tests.  The  HDL  was  separated  by  precipitation  of  LDL  and  VLDL  and  the  cholesterol  was 
assayed  in  the  HDL  fraction.  The  LDL-C  was  calculated  using  the  formula  of  Friedewald  for  triglycerides  <  4.3 
mmol/1.  The  ratio  TC/HDL-C  was  calculated,  too. 

The  data  were  analyzed  using  SPSS  software.  Analysis  of  variance  (one-way  ANOVA),  correlation 
analysis,  jl  and  odds  ratio  were  applied. 


Results 

The  incidence  of  hypertension  was  moderate  in  the  medical  staff  and  did  not  differ  significantly  between  the 
studied  groups  (26.9  %  with  the  staff  exposed  to  radiofrequency  EMR  v.s.  23.8  %  with  the  control  group).  No 
significant  differences  both  in  systolic  and  diastolic  blood  pressure  (SBP  and  DBP)  were  found  between  the 
exposed  group  in  comparison  to  the  control  one  (Table  1).  The  BMI  did  not  significantly  differ  between  the 
studied  groups,  but  the  waist  was  slightly  higher  with  the  exposed  group.  The  TC,  HDL-C  and  LDL-C  were 
significantly  higher  in  the  radiofrequency  EMR  exposed  group  with  comparison  with  the  control  group. 
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Table  1. 

The  blood  pressure,  anthropometric  and  metabolic  variables  of  medical  staff  from  physioterapies,  exposed  to 
EMR  and  control  group 


Indices/Groups 

Medical  staff  from 
physioterapies 

Control  group 

SBP  (mmHg) 

124.8  ±19.7 

122.4  ±  16.2 

DBP  (mmHg) 

80.2  ±  12.6 

78.2  ±  8.5 

BMI  (kg/m2) 

24.5  ±3.8 

23.3  ±3.6 

Waist  (cm) 

83  ±  11.9 

81.5  ±  11.1 

TC  (mmol/1) 

5.44  ±1.06** 

4.97  ±0.69 

HDL-C  (mmol/1) 

1.53  ±0.28* 

1.39  ±0.34 

LDL-C  (mmol/1) 

3.42  ±0.91** 

3.07  ±0.70 

Triglycerides  (mmol/1) 

1.23  ±0.71 

1.19  ±0.57 

TC/HDL-C  ratio 

3.64  ±  1.02 

3.57  ±0.87 

*  p  <  0.05;  **  p  <  0.01 


The  rate  of  distribution  of  some  of  the  main  cardiovascular  risk  factors  is  presented  in  Table  2. 
Significantly  higher  rate  TC  >  5.2  mmol/1  and  LDL-C  >  3.4  mmol/1  was  found  with  the  exposed  to  EMR 
medical  staff,  with  higher  significance  for  LDL-C.  The  odds  ratios  indicate  higher  chance  of  becoming 
dyslipidemic  with  the  exposed  to  EMR  subjects  [for  TC  OR  (95  %  Cl)  =  1.570  (1.048  -  2.351)  and  for  LDL-C 
OR  (95  %  Cl)  =  1.840  (1.158  -  2.924], 

Table  2. 

The  frequency  of  distribution  of  the  main  cardiovascular  risk  factors  in  medical  staff  from  physioterapies, 
exposed  to  EMR  and  a  control  group. 


Indices 

Medical  staff  from 
physioterapies 

Control  group 

r 

Corrected  % 

P 

TC  >  5.2 
mmol/1 

59.6  % 

36.5  % 

5.254 

5.200 

.018 

HDL-C  <  1 
mmol/1 

14.9% 

28.8  % 

2.781 

2.752 

NS 

LDL-C  > 

3.4  mmol/1 

55.3  % 

26.9  % 

8.267 

8.183 

.004 

The  rate  of  smoking  was  high  in  both  studied  groups,  slightly  higher  in  the  control  one  (44.2  %  v.s. 
40.4  %  in  the  medical  staff  from  physioterapies).  There  were  no  considerable  differences  in  the  self  reported 
degree  of  smoking  (33.3  %  of  the  medical  staff  from  physioterapies  smoked  5-10  cigarettes/day,  57.1  % 
smoked  10-20  cigarettes/day  and  9.5  %  more  than  20  cigarettes/day  while  in  the  control  group  39.1  %  smoked 
5-10  cigarettes/day,  47.8  %  smoked  10-20  cigarettes/day  and  13  %  more  than  20  cigarettes/day).  47.6  %  of  the 
medical  staff  from  physioterapies  smoked  for  more  than  20  years  v.s.  43.5  %  of  the  control  group.  There  was 
no  difference  in  the  proportion  of  self  reported  drinkers  between  the  investigated  groups,  nor  in  the  number  of 
beverages  per  week  among  the  alcohol  users.  The  self  reported  nutrition  habits  and  physical  activity  during  the 
free  time  did  not  differ  between  the  groups,  too. 

Discussion 

Our  data  show  higher  rate  of  dyslipidemia  with  the  exposed  to  EMR  physiotherapists,  thus  supporting 
the  findings  of  Hamburger  et  al.  (1983)  for  positive  relation  between  the  EMR  exposure  and  heart  disease  in 
physiotherapists  and  confirming  the  data  for  higher  rate  of  dyslipidemia  under  EMR  exposure  in  other 
occupational  groups  as  broadcasting  and  TV  transmitting  operators  (Vangelova  et  al.  2006).  The  greater  chance 
of  becoming  dyslipidemic  of  the  physioterapetists  exposed  to  EMR  was  confirmed  by  the  calculated  odds  ratio. 
We  suppose  that  the  variations  of  TC  and  LDL-C  were  mediated  to  some  extent  by  the  stress  system.  Our  data 
show  significant  EMR  exposure-effect  on  the  excretion  rates  of  stress  hormones  in  physiotherapists  (Israel  et 
al.  2006)  and  in  other  occupational  groups  (Vangelova  et  al.,  2005).  The  elevation  of  stress  hormones  under 
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occupational  stressors  has  been  shown  to  interact  with  cardiovascular  risk  factors  (Rosmond  1998,  Fraser  et  al. 
1999,  Vrijkotte  et  al.  1999,  Chrousos,  2000). 

The  higher  rate  of  dyslipidemia  in  the  medical  staff  from  physioterapies  can  be  associated  mainly  with 
the  EMR  exposure  as  the  confounding  factors  as  noise,  microclimate,  work  organization,  work  control,  work 
content,  etc.  were  controlled  (unpublished  data),  and  the  studied  subjects  had  the  same  social  class,  found  to  be 
an  important  confounder  (Boggild  et  al.,  1999b).  Although  our  study  was  controlled  we  do  not  exclude  some 
synergistic  effects  of  EMR  with  other  occupational  stressors,  as  emotional  load  of  dealing  with  patients,  work 
tasks  requiring  intense  concentration,  a  feeling  for  risk  of  infections,  strain,  etc. 

The  rate  of  hypertension  was  similar  in  the  exposed  to  EMR  and  control  group  medical  staff  for 
difference  of  earlier  findings  for  higher  rate  of  hypertension  in  broadcasting  and  TV  transmitting  operators 
working  under  radiofrequency  EMR  (Bortkiewicz  1997,  Israel  and  Tomov,  2000,  Vangelova  et  al.  2006). 
There  are  several  differences  between  the  cited  previous  studies  and  the  present  one.  First,  the  EMR  exposure 
was  different.  The  physioterapetists  were  exposed  for  very  short  periods  of  time  to  high  intensities,  while  the 
studied  broadcasting  and  TV  transmitting  operators  were  exposed  during  all  the  working  time,  but  with  lower 
intensities.  Second,  the  job  task  was  quite  different.  The  broadcasting  and  TV  transmitting  operators  work  was 
monotonous,  while  the  job  task  of  physiotherapetists  was  mobile,  associated  with  emotional  load  of  dealing 
with  patients.  Third  at  the  last,  but  not  at  the  least  of  importance,  the  broadcasting  and  TV  transmitting 
operators  groups  consisted  mainly  of  males,  while  the  medical  staff  from  physioterapies  were  mainly  females. 
So  the  gender  differences  might  contribute  to  inconsistency  of  the  results  concerning  hypertention.  There  are 
data  that  the  impact  of  stress  is  greater  on  arterial  pressure  in  men  and  on  indices  associated  with  insulin 
resistance,  as  lipid  profile  indices,  in  females  (Chrousos,  2000). 

The  body  mass  index  did  not  differ  between  the  groups,  but  the  medical  staff  from  physioterapies  had 
more  centrally  disposed  adipose  tissue,  well  known  risk  factor  for  cardiovascular  disease  (CVD).  The  rate  of 
smoking  was  high  in  the  two  studied  groups,  slightly  higher  in  the  control  one.  The  differences  in  the  self 
reported  degree  of  smoking  and  the  duration  of  smoking  between  the  studied  groups  were  negligible.  No 
differences  of  self-reported  alcohol  consumption,  nutrition  habits,  physical  activity  were  found. 

Summing  up,  our  data  suggest  that  the  medical  staff  exposed  to  EMR  was  at  greater  risk  of  becoming 
dyslipidemic.  Further  studies  are  needed  to  investigate  the  effect  of  EMR  on  cardiovascular  risk  factors  in  the 
medical  staff  in  physiotherapies,  using  an  approach  of  studying  the  personal  long-term  EMR  exposure  in  order 
to  reach  better  understanding  of  the  possible  adverse  effects  of  EMR  on  cardiovascular  system. 
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ABSTRACT 

In  order  to  allow  detailed  numerical  RF  dosimetry  and  computation  of  RF-induced  temperature  elevations  in 
small  anatomical  structures,  numerical  models  of  the  human  eye  and  the  inner  ear  organs  (cochlea,  labyrinth, 
auditory  nerve,  hearing  bones)  were  developed  based  on  frozen  section  techniques  at  a  spatial  resolution  of 
0.1  mm.  After  inserting  these  high  resolution  models  into  a  commercially  available  head  model,  FDTD 
computations  of  SAR  distribution  and  temperature  elevations  due  to  RF  absorption  were  carried  out  using  the 
SEMCAD  X  simulation  platform.  Generic  models  of  handsets  at  400  MHz,  900  MHz  and  1850  MHz,  operated 
in  close  proximity  to  the  head,  were  considered  as  radiation  sources. 

Due  to  the  heterogeneity  in  the  area  of  the  cochlea  and  the  labyrinth  (actually  comprising  highly  conductive 
liquids  surrounded  by  compact  bone),  the  results  showed  a  highly  heterogeneous  SAR  distribution  and  SAR- 
peaks  inside  the  cochlea  and  the  labyrinth.  However,  temperature  computations  showed,  that  temperature 
elevations  inside  these  organs  are  well  below  0.1°C,  when  considering  typical  output  power  values  of  handheld 
devices  (maximum  for  400  MHz  exposure). 

In  case  of  frontal  exposure  maximum  temperature  elevations  in  the  eye  of  approximately  0.6°C  were  found  for 
typical  device  output  powers. 


I.  INTRODUCTION 

The  analysis  of  RF -power  absorption  and  RF-induced  temperature  elevations  in  the  human  head,  caused  by 
handheld  mobile  communication  devices,  has  been  investigated  in  numerous  scientific  publications  in  recent 
years  (e.g.  [  1  ]-[  1 8]).  In  most  cases  computational  techniques  based  on  the  Finite  Difference  Time  Domain 
(FDTD)  method  were  used  for  solving  both  the  electromagnetic  and  the  thermodynamic  problem;  the  latter  was 
mostly  described  by  the  Pennes’  Bioheat  Transfer  Equation  (BHTE)  [19].  However,  a  detailed  quantitative 
comparison  of  the  results  reported  by  these  studies  is  difficult  because  of  the  variety  of  considered  exposure 
situations  and  RF-source  power  levels,  as  well  as  the  different  head  models  used,  which  significantly  affect  the 
correlation  between  mass  averaged  Specific  Absorption  Rate  (SAR)  in  the  head  and  the  temperature  increase  in 
specific  tissues,  as  reported  by  [10].  When  relating  the  temperature  increase  to  the  maximum  lOg  averaged  SAR 
in  the  head,  the  reported  maximum  temperature  elevations  in  brain  tissue  are  ranging  between  approximately 
0.05°C/(W/kg)  and  0.16°C/(W/kg).  Concerning  eye  exposure,  plane  wave  irradiation  was  considered  in  most 
cases  in  the  past,  mainly  at  frequencies  beyond  1  GHz.  Relating  the  maximum  temperature  increases  in  the  eye 
found  by  these  studies  to  the  incident  power  density,  the  reported  values  are  ranging  between  0.003  °C/(W/m2) 
and  0.006°C/(W/m2). 

The  original  spatial  resolution  of  the  numerical  head  models  used  in  the  above  mentioned  studies  was  usually 
not  better  than  approximately  0.5  mm  in  horizontal  direction  and  1-2  mm  in  vertical  direction  (except  [18], 
which  were  using  0.25  mm  resolution  for  the  eye).  Due  to  this  fact,  anatomically  small  structures  like  the  inner 
ear  organs  are,  if  at  all,  not  accurately  represented  in  these  head  models.  Consequently,  no  detailed  analysis  of 
RF  absorption  in  these  organs  and  structures  was  possible  so  far. 

In  order  to  enable  detailed  RF  dosimetry  in  the  inner  ear  organs  and  in  a  detailed  model  of  the  eye,  numerical 
models  of  the  inner  ear  and  the  eye  at  a  spatial  resolution  of  0.1mm  x  0.1mm  x  0.1mm  were  developed  in  this 
study  and  first  results  regarding  RF-absorption  and  temperature  elevations  caused  by  generic  phone  models  in 
the  frequency  range  400  MHz  -  1850  MHz  are  presented. 
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n.  MATERIAL  AND  METHODS 

II.l.  High  resolution  anatomical  models  of  the  inner  ear  and  the  eye 

For  developing  the  numerical  model  of  the  inner  ear,  vertical  slices  at  a  separation  distance  of  0.1  mm  of  a 
section  of  the  left  hemisphere  of  a  real  male  human  head  (provided  by  the  Center  for  Anatomy  and  Cell 
Biology,  Medical  University  of  Vienna)  were  obtained  by  frozen  section  technique  (figure  1). 

Each  slice  was  scanned  at  a  resolution  of  1200  dpi  using  a  commercially  available  document  scanner  (HP 
ScanJet  3970).  Based  on  these  digital  images  the  segmentation  (0.1  mm  x  0.1  mm)  of  the  cochlea ,  the 
vestibulum,  the  canales  semicirculares,  the  auditory  ossicles  and  the  tympanic  membrane  as  well  as  the 
conversion  into  a  SAT-File  format  was  carried  out  by  IT’IS  Foundation,  Zurich,  Switzerland.  Exactly  the  same 
procedure  was  used  for  the  development  of  the  eye  model,  where  cornea,  sclera,  lens  and  the  optic  nerve  were 
distinguished  during  segmentation. 


Figure  1:  Examples  of  vertical  cross  sections  through  the  human  inner  ear 


Using  the  FDTD-based  simulation  platform  SEMCAD  X,  the  developed  high  resolution  models  of  the  inner  ear 
organs  and  the  eye  were  then  inserted  into  a  commercially  available  male  head  model  based  on  the  visual 
human  data  set  (0.5  mm  x  0.5  mm  horizontal,  2  mm  vertical  resolution,  47  different  tissue  regions).  In  case  of 
the  inner  ear  model,  the  tympanic  cavity,  the  external  auditory  canal  as  well  as  the  auditory  nerve  were  added 
by  manual  modeling  and  adjusted  correspondingly  in  order  to  have  an  anatomically  correct  representation 
(figure  2).  The  yellow  colored  structure  in  the  close-up  view  in  figure  2  corresponds  to  the  inner  space  of  the 
labyrinth  (cochlea,  vestibulum,  semicircular  canals),  which  is  filled  with  approximately  200  pi  of  perilymph- 
and  endolymph-liquid.  This  structure  is  embedded  in  the  highly  compact  petrous  bone.  In  case  of  the  eye  model 
the  lens’  nucleus  was  added  manually  (figure  3). 


Figure  2:  Anatomically  correctly  positioned  high  resolution  inner  ear  Figure  3:  High  resolution  eye 

organs  inside  a  commercially  available  numerical  head  model  model  in  3D  view  (top)  and  in  a 

horizontal  cross  section  (bottom) 


II.2.  Considered  exposure  conditions 

Three  different  generic  models  of  handsets,  one  per  frequency,  were  considered  as  radiation  sources.  At 
400  MHz  a  resonant  helix  antenna  (axial  length  61  mm,  helix  diameter  8.6  mm,  wire  diameter  1  mm,  14  turns) 
on  top  of  metallic  box  (130  mm  x  50  mm  x  30  mm)  was  considered  as  a  representative  model  for  a  hand  held 
radio  set  such  as  used  for  example  in  a  TETRA  system.  For  900  MHz  and  1850  MHz  quarter  wave 
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monopoles  (diameter  2  mm)  on  top  of  a  metallic  box  (100  mm  x  40  mm  x  20  mm)  were  chosen  as 
representatives  for  mobile  phones  of  the  GSM900  and  the  DCS  1800  and  UMTS  systems,  respectively.  For 
each  radiation  source  lateral  exposure  in  “Tilt”  position  as  well  as  frontal  exposure  with  a  distance  between  the 
antenna’s  feedpoint  and  the  left  eye  of  approximately  2.5  cm  were  considered.  Figure  4  shows  the  6  different 
exposure  conditions. 


Figure  4:  Considered  exposure  conditions,  left:  lateral  exposure  in  “tilt”  position  at  400  MFlz,  900  MFlz  and 
1850  MFlz,  right:  frontal  exposure  at  400  MFlz,  900  MFlz  and  1850  MFlz 


II.3.  Computational  techniques  used 

The  FDTD  based  SEMCAD  X  simulation  platform  was  used  for  both  the  electromagnetic  as  well  as  the 
thermodynamic  computations.  The  used  thermodynamic  solver  was  based  on  Pennes’  BHTE  and  both  the 
electromagnetic  as  well  as  the  thermodynamic  computations  were  carried  out  on  the  same  FDTD  grid,  using  a 
graded  mesh  with  mesh  size  between  0.25  and  5  mm.  However,  in  the  irradiated  hemisphere  the  maximum  grid 
step  was  kept  below  1.5  mm  and  constant  at  0.25  mm  in  the  region  of  the  high  resolution  models  of  the  inner 
ear  region  and  the  eye.  This  resulted  in  a  total  of  approximately  20-25  million  FDTD  cells,  depending  on  the 
considered  source  model. 


II.4.  Tissue  parameters  and  boundary  conditions 

For  the  dielectric  properties  of  the  tissues  values  according  to  [20]  were  taken.  With  respect  to  the  thermal 
properties  19  different  materials  were  allocated  to  the  more  than  50  different  tissue  regions  in  the  head  model 
(including  the  high  resolution  inner  ear  and  eye).  Table  1  lists  the  used  thermal  properties,  which  were  derived 
from  several  sources  in  the  literature  (e.g.  [  1  ],[  13],[2 1  ]). 


Table  1:  Thermal  tissue  properties  used 


material 

density 

[kg/m3] 

specific  heat 
[J/kg.K] 

thermal 

conductivity 

[W/m.K] 

perfusion 

[ml/min.kg] 

metabolic  heat 
[W/kg] 

blood 

1060 

3780 

0.51 

10000 

0 

bone 

1850 

1300 

0.39 

11.5 

0.15 

brain  average 

1040 

3650 

0.55 

608.5 

9.70 

cartilage 

1100 

3521 

0.46 

50 

0.18 

cerebellum 

1040 

3670 

0.55 

510 

9.70 

cerebrospin.  fluid 

1005 

4116 

0.59 

0 

0 

cornea 

1076 

3793 

0.52 

38 

0.32 

fat  (not  infiltrated) 

920 

2493 

0.24 

25.3 

0.15 

gland  tissue 

1040 

3600 

0.53 

3059 

9.79 

grey  matter 

1040 

3684 

0.57 

608.5 

9.70 

lens 

1080 

3133 

0.43 

0 

0 

marrow 

1020 

3120 

0.32 

219 

5.50 

muscle 

1045 

3580 

0.5 

26.6 

0.67 

nerve  tissue 

1040 

3582 

0.46 

37.7 

9.61 

skin  diy 

1140 

3600 

0.37 

86.6 

0.18 

skin  wet 

1140 

3600 

0.37 

86.6 

0.18 

tongue 

1045 

3580 

0.5 

26.6 

0.67 

vitreous  humor 

1003 

3997 

0.59 

0 

0.34 

white  matter 

1040 

3611 

0.5 

262.5 

9.70 
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At  the  thermal  boundary  between  the  head  model  and  the  ambient  a  heat  transfer  of  8  W/(m2K)  at  a  nominal 
ambient  temperature  of  25°C  was  assumed.  Thermal  boundaries  between  air  fdled  cavities  inside  the  head 
model  and  their  bounding  tissues  were  assumed  to  be  4  W/(m2K)  at  37°C,  except  for  the  nasal  cavity  and  the 
ear  channel,  where  30  W/(m2K)  at  35°C  and  6.3  W/(m2K)  at  35°C  were  chosen,  respectively. 


III.  RESULTS 
Lateral  exposure 

Figure  5  depicts  the  distribution  of  SAR  (not  averaged,  normalized  to  1W  radiated  power)  in  a  cross  section  of 
the  head  through  the  cochlea  for  all  three  frequencies  considered.  With  respect  to  the  inner  ear,  relatively  high 
local  SAR  values  appear  inside  the  peri -/endo lymph-filled  labyrinth  compared  to  the  surrounding  bone, 
especially  at  400  MHz.  This  is  due  to  the  relatively  high  conductivity  of  peri-/endolymph,  which  is  very  similar 
to  cerebrospinal  fluid.  In  the  last  row  of  figure  5  the  SAR  distribution  on  the  surface  of  middle-  and  inner  ear 
organs  (labyrinth,  auditory  nerve,  tympanic  membrane,  auditory  ossicles,  compare  figure  2)  is  shown. 


400  MHz  900  MHz  1850  MHz 


lOOW/kg/W  10  W/kg/W  lW/kg/W  O.lW/kg/W  O.OlW/kg/W  0.001  W/kg/W 


Ligure  5:  SAR  distributions  (not  averaged,  normalized  to  1 W  source  power)  in  a  cross  section  of  the  head 
through  the  cochlea  for  400  MHz  (left  column),  900  MHz  (center  column)  and  1850  MHz  (right  column).  At 
the  bottom  the  SAR  distribution  on  the  surface  of  the  middle-  and  inner  ear  organs  is  shown. 
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Despite  of  the  inhomogeneous  distribution  of  SAR  inside  the  head,  the  thermodynamic  computations  show 
only  very  low  temperature  increases  in  it.  Figure  6  illustrates  the  maximum  temperature  elevation  in  specific 
tissues,  within  the  time  period  from  switching  on  the  radiation  until  thermal  equilibrium  is  reached  (after 
approx.  20  minutes).  Note  that  the  values  in  figure  6  are  normalized  to  the  case  of  a  lOg  averaged  SAR  of  2 
W/kg  in  the  head,  i.e.,  the  limit  for  localized  exposure  according  to  [22]  and  [23]. 


max.  temperature  elevation  at  SARiog  =  2W/kg 


Figure  6:  Maximum  temperature  elevation  in  specific  tissues  and  organs  due  to  a  lateral  exposure  according  to 
the  current  limit  for  localized  exposure  according  to  [22]  and  [23]. 

As  it  can  be  seen  from  the  figure  maximum  temperature  elevations  are  highest  for  400  MHz  due  to  the  high 
penetration  depth  and  the  more  homogeneous  heating  of  the  head,  which  causes  lower  temperature  gradients 
and  therefore  less  effective  heat  conduction  inside  the  head.  However,  the  absolute  values  of  the  obtained 
temperature  elevations  are  rather  small.  They  are  below  0.05°C  for  grey  matter,  below  0.025°C  in  the  inner  ear 
organs  and  below  0.0 1°C  in  deep  brain  tissues.  More  superficial  tissues  as  bone,  muscles,  fat  and  the  skin  on 
the  head  showed  an  increase  in  temperature  between  0.1  °C  and  0.25°C.  The  absolute  maximum  temperature 
increase  was  obtained  in  the  skin  of  the  pinna  and  was  approximately  0.9°C. 


Front  exposure 

The  distribution  of  SAR  in  case  of  having  the  radiation  source  in  front  of  the  left  eye  is  shown  in  figure  7.  Non 
averaged  SAR  values,  normalized  to  1  W  radiated  power  are  shown  in  a  horizontal  cross  section  of  the  head 
through  the  eye. 


400  MHz  900  MHz  1850  MHz 


1200  W/kg/W  120  W/kg/W  12W/kg/W  1.2W/kg/W  0.12W/kg/W  0.012  W/kg/W  0.0012  W/kg/W 


Figure  7:  SAR  distributions  (not  averaged,  normalized  to  1 W  source  power)  in  a  cross  section  of  the  head 
through  the  eye  for  400  MHz  (left  column),  900  MHz  (center  column)  and  1850  MHz  (right  column). 
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RF  absorption  in  the  eye  increases  with  frequency  and  at  1850  MHz  a  “standing  wave  pattern”  with  a  SAR 
maximum  approximately  in  the  center  of  the  eye  can  be  observed.  This  is  due  to  the  fact  that  at  1850  MHz  the 
eye  diameter  is  approximately  one  wavelength  (in  tissue)  of  the  radiation  frequency. 

The  maximum  temperature  elevations  in  specific  tissues,  within  the  time  period  from  switching  on  the  radiation 
until  thermal  equilibrium  is  reached  (after  approx.  20  minutes)  are  depicted  in  figure  8.  Again  the  given  values 
are  normalized  to  the  case  of  a  lOg  averaged  SAR  of  2  W/kg  in  the  head. 


max.  temperature  elevation  at  SARIOg  =  2W/kg 


Figure  8:  Maximum  temperature  elevation  in  specific  tissues  and  organs  due  to  a  frontal  exposure  according  to 
the  current  limit  for  localized  exposure  according  to  [22]  and  [23]. 


Although  the  highest  peak  SAR  values  in  the  eye  were  obtained  for  the  high  (1850  MHz)  frequency,  the 
maximum  temperature  elevations  appear  again  for  a  400  MHz  irradiation.  The  absolute  maximum  temperature 
elevation  was  observed  in  the  lens  and  was  approximately  0.6°C.  Maximum  temperature  elevations  in  other 
(superficial)  tissues  are  approximately  in  the  same  order  of  magnitude,  ranging  from  0.2°C  to  0.6°C.  In  the 
optic  nerve  and  in  grey  matter  tissue  temperature  elevations  up  to  approximately  0.25°C  and  0.09°C  were 
found,  respectively.  Interestingly,  the  temperature  elevations  in  the  middle  and  inner  ear  regions  appear 
somewhat  higher  during  frontal  exposure  compared  to  the  case  of  lateral  exposure.  This  effect,  however  needs 
to  be  investigated  further,  because  it  might  be  affected  by  the  different  spatial  discretizations  of  the 
computation  domain  used  for  frontal  and  lateral  exposure. 


Influence  of  perfusion  and  ambient  temperature 

In  order  to  estimate  the  impact  of  variations  in  the  ambient  temperature  and  in  blood  perfusion,  computations 
(at  400  MHz)  were  carried  out  with  tissue  perfusion  (all  tissues)  reduced  to  50%  of  the  nominal  values  listed  in 
table  1,  and  an  ambient  temperature  of  35°C  (instead  of  a  nominal  value  of  25°C).  All  other  parameters 
remained  unchanged.  The  results  clearly  show  that  for  tissue  regions  deep  inside  the  head  a  change  in  ambient 
temperature  does  not  play  an  important  role,  whereas  a  reduction  of  perfusion  by  50%  increases  the  observed 
maximum  temperature  elevations  by  up  to  a  factor  of  2.5  in  these  tissues.  For  more  superficially  located  tissues 
(skin,  cartilage,  fat,  subcutis,  bone)  both  perfusion  as  well  as  ambient  temperature  play  a  role  with  respect  to 
the  maximum  temperature  elevation. 

Pulsed  radiation 

Current  safety  standards,  e.g.  [22],  define  the  basic  restriction  for  localized  exposure  in  terms  of  a  6  minute 
average  SAR.  This  means  that  for  shorter  times  higher  temporal  peak  SAR  values  are  allowed.  Therefore  we 
investigated  (at  400  MHz)  the  effect  of  pulsed  radiation  by  applying  short  exposure  peaks  (in  terms  of  lOg 
averaged  SAR)  of  4  W/kg,  12  W/kg  and  72  W/kg  for  180  s,  60  s  and  10  s  within  a  continuously  repeated  6 
minute  interval,  respectively.  All  of  these  cases  lead  to  a  6  minute  average  SAR  of  2  W/kg.  The  comparison  of 
the  pulsed  exposure  with  a  continuous  wave  exposure  at  2  W/kg  showed  increased  maximum  temperature 
elevations  for  the  mentioned  kind  of  pulsed  exposure.  Tissues  deep  inside  the  head  were  significantly  more 
affected  by  this  effect  than  superficial  tissues.  The  worst  of  the  considered  cases  was  the  repeated  10  s/  72 
W/kg  lateral  exposure,  which,  for  example,  leads  to  a  relative  increase  of  the  maximum  temperature  elevation 
in  the  skin  by  a  factor  of  2  compared  to  a  factor  of  1 1  in  the  hypothalamus. 
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IV.  CONCLUSION 

In  general,  the  obtained  results  showed  that  for  exposure  situations  typical  for  usage  of  modern  digital  mobile 
phones  the  RF-induced  temperature  elevations  inside  the  head  are  rather  small.  Although  a  very  heterogeneous 
pattern  of  RF  power  dissipation  could  be  observed  due  to  the  significantly  different  dielectric  properties  of  the 
different  tissues,  no  temperature  “hot  spots”  are  to  be  expected  due  the  efficient  heat  transfer  mechanisms 
taking  place  in  the  tissues  (heat  conduction  and  heat  transfer  by  perfusion).  As  far  as  comparable,  when  relating 
the  maximum  temperature  elevations  to  the  lOg  averaged  SAR  in  the  head,  our  results  are  in  line  with  results 
reported  by  other  authors  ([1]-[18]),  even  though  our  results  appear  to  be  at  the  lower  end  of  the  range  of  RF- 
induced  temperature  elevation  stated  in  [1]-[18].  This  might  be  caused  by  the  specific  properties  of  the  used 
head  model  (based  on  the  visual  human  data  set)  with  respect  to  its  tissue  composition  [10]. 

The  observation  that,  with  respect  to  the  maximum  RF-induced  temperature  elevations,  inner  tissues  are 
significantly  more  affected  by  pulsed  radiation  at  constant  6  minute  averaged  SAR  than  superficial  tissues 
might  be  of  biological  interest,  because  heat  perception  mainly  takes  place  inside  the  superficially  located  skin. 
Flowever,  it  has  to  be  noted  that  the  time  course  of  the  exposure  and  the  required  peak  RF  power  leading  to 
such  effects  (a  single  high  peak  in  repeated  6  minute  intervals)  are  not  typical  for  mobile  communication 
devices. 
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Abstract 

Directive  2004/40/EC  sets  action  and  exposure  limit  values  for  people  working  in  electric  and  magnetic  fields. 
Electric  field  action  values  for  50  Hz  frequency  might  be  exceeded  in  existing  400  kV  air-insulated  substations. 
Therefore  measurements  in  Finnish  400  kV  substations  were  conducted  to  find  out  whether  the  limit  value  of  induced 
current  density  (10  mA/m2)  is  exceeded  in  the  human  central  nervous  system.  One  of  the  most  critical  areas  is  the 
neck.  Measurements  were  made  with  a  specific  system  connected  to  the  test  person,  who  simulated  practical  work  in 
actual  and  practical  working  conditions.  The  developed  system  measures  the  current  induced  in  the  head  as  well  as 
the  total  current  induced  in  the  body  of  the  test  person. 

The  maximum  average  current  density  in  the  cross-sectional  area  of  40  cm  collar-size  neck  was  6.81  mA/m2,  even  if 
the  action  value  for  the  electric  field  strength  was  clearly  exceeded.  The  margin  to  the  limit  value  10  mA/m2  is 
obvious,  but  further  analysis  was  necessary  due  to  individual  variations  etc.  Consequently,  a  model  for  analyzing 
current  densities  in  the  cross-sectional  area  of  the  neck,  especially  in  central  nervous  system,  was  developed. 

The  model  described  9  different  tissues  in  the  neck  area.  Currents  and  current  densities  in  the  tissues  were  calculated 
when  the  average  current  density  had  a  given  value.  The  result  was  that  only  0.13  %  of  the  total  current  in  the  neck 
area  flows  through  the  spinal  cord  causing  in  it  a  current  density  0.72  mA/m2  when  the  average  current  density  in  the 
neck  area  is  6.81  mA/m2  (collar  size  40  cm  assumed).  Thus,  it  seems  that  the  substation  workers  are  not  exposed  to 
current  densities  in  practical  work  situations  within  the  body,  which  would  exceed  the  directive’s  limit  value. 

Keywords:  occupational  exposure,  induced  current  density,  central  nervous  system 


1.  Introduction 

Power  frequency  electric  and  magnetic  fields  occur  in  electricity  generation,  transmission,  distribution  and 
consumption.  Occupational  exposure  to  electric  fields  is  common  especially  in  electricity  transmission  and 
distribution.  Accordingly,  exposure  in  certain  places  is  larger  than  in  other  places.  In  400  kV  air- insulated  outdoor 
substations  the  exposure  of  the  workers  to  the  electric  fields  is  one  of  the  largest  areas.  We  will  concentrate  on 
electric  fields  instead  of  magnetic  fields,  because  in  400  kV  outdoor  substations  electric  fields  in  practice  cause  more 
remarkable  current  density  in  the  human  body  than  magnetic  fields. 

The  European  Union  (EU)  sets  action  and  limit  values  for  occupational  exposure  to  electric  fields  in  directive 
2004/40/EC.  The  action  value  for  50  Hz  electric  field  is  set  as  electric  field  strength  and  it  is  10  kV/m.  In  case  action 
value  is  exceeded  the  employer  has  to  make  sure  the  limit  value  will  not  be  exceeded.  Limit  value  is  set  as  induced 
current  density  in  the  central  nervous  system  in  the  head  or  trunk  and  it  must  not  exceed  10  mA/m2.  Limit  value  is  set 
to  protect  tissues  in  the  central  nervous  system  for  acute  effects  of  exposure.  [1] 
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When  estimating  exposure  to  electric  fields,  the  neck  is  a  critical  area,  because  current  induced  in  the  head  flows 
through  the  neck  into  the  trunk  and  the  cross-section  area  in  the  neck  is  small  compared  with  the  trunk.  Furthermore, 
the  spinal  cord  as  a  part  of  the  human  central  nervous  system  makes  the  neck  an  interesting  area. 

The  Laboratory  of  Electrical  Engineering  and  Flealth  (LEEFl)  at  Tampere  University  of  Technology  (TUT)  has 
made  several  electric  field  measurements  at  Finnish  400  kV  substations.  At  75  %  of  the  measured  substations  the 
action  value  10  kV/m  was  exceeded  already  at  the  ground  level.  Fligher  values  can  be  expected  in  maintenance 
situations,  although  live-line  work  tasks  are  not  carried  out  in  400  kV  level.  Therefore  further  study  of  induced 
current  densities  was  seen  as  necessary. 

A  study  of  induced  current  densities  was  done  by  using  special  measuring  equipment  which  consists  of  a  helmet 
coated  with  copper  and  having  a  transparent  but  conductive  face  shield,  two  commercial  current  recording  ammeters, 
a  commercial  medical  electrode  and  leads.  The  current  induced  in  the  helmet  and  shield  was  conducted  away  with  a 
lead  connected  to  the  helmet.  An  ammeter  was  connected  to  the  lead  and  the  other  end  of  the  lead  was  connected  to  a 
medical  electrode  in  test  person’s  wrist.  The  test  person  wore  insulated  shoes  and  gloves  and  the  medical  electrode  in 
the  wrist  was  earthed  with  another  insulated  lead  going  along  the  body  of  the  test  person.  Also  the  grounding  lead 
had  a  recording  ammeter.  Flence,  both  the  induced  current  in  the  helmet  with  face  shield  and  in  the  whole  body 
current  could  be  measured.  A  schematic  picture  of  the  measuring  arrangement  is  shown  in  Fig.  1. 


Fig.  1  Schematic  picture  of  the  measuring  arrangement  [2] 

The  current  induced  in  the  helmet  and  shield  is  called  helmet  current  Iheimet-  Because  the  helmet  is  slightly  larger  than 
head,  current  induced  in  the  helmet  is  larger  than  the  induced  current  in  the  head  in  normal  conditions.  This  error  was 
compensated  for  by  multiplying  the  helmet  current  by  empirically  defined  correction  coefficient  k,  which  is  0.819. 

LEEFl  made  induced  current  measurements  at  7  different  400  kV  air-insulated  substations.  Altogether  125 
measurements  were  made  in  12  different  work  tasks.  The  tasks  consisted  of  normal  walking  in  the  substation, 
climbing  in  the  maintenance  and  inspection  platforms  as  well  as  maintenance  work  from  ladders  or  from  persons 
being  lifted.  The  largest  value  for  induced  helmet  current  was  105.8  pA.  This  current  causes  current  density  6.81 
mA/m2  in  the  neck  area  when  the  neck  cross-sectional  area  is  assumed  to  be  a  circle  with  circumference  40  cm 
(typical  collar  size  for  men  is  40  cm). 

Current  density  6.81  mA/m2  gives  an  obvious  margin  to  the  limit  value  10  mA/m2.  However,  individual  variations  in 
collar  size  may  be  rather  considerable.  Consequently,  in  order  to  get  further  analysis  about  50  Hz  currents  and 
current  densities  in  different  tissues  in  the  neck  and  especially  in  the  central  nervous  system  LEEH  developed  a 
model  based  on  the  cross-section  of  the  neck. 

2.  Objectives  and  methods 


377 


lAngsjo,  latva-teikari,  elovaara,  korpinen 


2.1  Aim  of  the  Study 

The  main  aim  of  this  study  was  to  estimate  with  a  developed  model  current  densities  in  different  tissues,  especially 
in  the  spinal  cord  in  the  neck  cross-sectional  area.  The  purpose  was  to  find  current  densities  at  35  cm,  40  cm  and  50 
cm  neck  circumferences.  Another  aim  of  the  study  was  to  find  out  current  percentages  of  induced  head  current  in 
different  tissues. 

2.2  Description  of  the  Model 

The  model  is  based  on  the  anatomical  picture  of  the  cross-sectional  area  of  neck.  The  anatomical  picture  was  taken 
from  source  [3] .  Each  tissue  in  the  anatomical  picture  was  modeled  by  using  circles,  rings  and  half-rings  as  modeling 
shapes  so  that  the  shape  fitted  the  anatomical  picture  of  tissue  as  well  as  possible.  The  neck  was  also  assumed  to  be  a 
circular  shape.  A  cross-sectional  picture  of  the  model  is  presented  in  Fig.2. 


Fig.  2  Cross-sectional  picture  of  the  model 

Tissue  5  includes  arteries  and  veins,  which  are  located  on  both  sides  of  the  model.  Tissue  8  consists  of  five  different 
nerves:  spinal  nerve,  vagus  nerve,  phrenic  nerve,  sympathetic  trunk  and  recurrent  laryngeal  nerve. 

Windpipe  (number  10)  is  assumed  air  with  conductivity  of  0  S/m.  Muscle  (number  1.)  is  a  circle  area,  where  tissues 
2,  3,  4,  5,  8,  9,  10  create  holes  in. 

Dimensions  of  the  model  are  scaled  when  circumference  of  neck  (collar  size  i.e.  circumference  of  circle  7.)  is 
changed.  Dimensions  of  the  tissues  are  presented  in  Table  1,  when  the  diameter  of  the  model  is  assumed  d. 

Table  1  Dimensions  of  the  model,  when  the  largest  diameter  is  assumed  as  d. 
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Tissue 

Dimensions 

1 .  Muscle 

0.90  Id 

2.  Bone  trabecular 

0.242 d 

3.  Spinal  cord 

0.110  d 

4.  Thyroid  gland 

0.396 d  0.275(7 

5.  Blood 

0.055 d 

6.  Fat  layer 

0.989(7 

7.  Skin 

d 

8.  Nerves 

constants 

9.  Gullet 

0.066(7 

10.  Windpipe 

0.099 d 

Nerves  are  the  only  tissue  in  model,  which  have  constant  dimensions  at  all  collar  sizes.  Diameters  are  for  spinal  and 
vagus  nerves  0.20  cm,  phrenic  nerve  and  sympathetic  trunk  0.10  cm  and  recurrent  laryngeal  nerve  0.05  cm. 

Each  tissue  has  its  own  conductivity  value.  Tissues  with  conductivity  values  are  presented  in  Table  2. 

Table  2.  Tissues  used  in  the  model  and  their  conductivities  at  50  Hz.  [4],  [5] 


Tissue 

Conductivity  (S/m) 

1 .  Muscle 

0.3500 

2.  Bone  trabecular 

0.0700 

3.  Spinal  cord 

0.0300 

4.  Thyroid  gland 

0.5200 

5.  Blood 

0.7000 

6.  Fat  layer 

0.0400 

7.  Skin 

0.1000 

8.  Nerves 

0.0274 

9.  Gullet 

0.5200 

10.  Windpipe  (air) 

0 

2.3  Induced  Currents  and  Current  Densities 

All  the  tissues  in  the  model  are  connected  in  parallel.  In  a  resistive  model  the  conductance  value  G,  for  the  tissue  i 
can  be  calculated  by  using  equation  (1),  when  conductivity  value  a-,  and  total  area  At  of  the  tissue  i  are  known.  Length 
of  the  neck  is  /  (constant). 

q  _  a  A ,  where  i  =  1...9  (1) 

'  '  l 


By  using  current  distribution  law  in  parallel  connected  circuit,  currents  7,  in  tissues  can  be  calculated  by  using 
equation  (2). 


/,  =  k  I 


helmet  9 


where  i  =  1...9 


(2) 


Current  percentages  of  head  current  /?,•  in  tissue  i  can  be  calculated  by  using  equations  (1)  and  (2).  Hence,  we  get  final 
equation  (3)  for  current  percentages  of  head  current. 
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Pi  = 


crA. 


•100%,  where  r  =  1 ... 9 


Current  densities  J,  in  tissue  i  can  be  calculated  by  using  equation  (4). 


I .  a. 

J  =—  =  k-I  1 

i  a.  helmet  9 

'  I  cr.A. 

•  i  '  ' 

i  =  1 


3.  Results 


(3) 


(4) 


The  model  gives  the  current  densities  in  various  tissues  in  the  neck  area.  Results  were  calculated  with  35  cm,  40  cm 
and  50  cm  collar  sizes  and  maximum  measured  helmet  current  105.8  pA  by  using  equation  (4).  This  helmet  current 
corresponds  to  working  in  conditions  where  the  local  electrical  field  strength  is  highly  non-uniform  and  clearly 
exceeds  the  action  value  limit.  Induced  current  densities  in  each  tissue  are  presented  in  Table  3.  Average  current 
densities  in  cross-sectional  area  of  the  neck  are  also  presented. 

The  largest  current  densities  in  the  neck  area  occur  in  blood  (arteries  and  veins),  thyroid  gland,  gullet  and  muscle. 
Current  densities  in  bone,  spinal  cord,  fat  layer,  skin  and  nerves  stay  below  or  near  to  3  mA/m2  even  at  35  cm  collar 
size. 


Spinal  cord  is  critical  part  in  exposure  because  it  is  a  part  of  the  human  central  nervous  system.  According  to  the 
results  current  densities  in  central  nervous  system  seem  to  stay  below  1  mA/m2  even  at  35  cm  collar  size. 

Table  3.  Calculated  current  densities  (mA/m2)  in  different  tissues  at  collar  size  35  cm,  40  cm  and  50  cm. 


Tissue 

Collar  size 

35  cm 

40  cm 

50  cm 

1 .  Muscle 

10.95 

8.38 

5.36 

2.  Bone  trabecular 

2.19 

1.68 

1.07 

3.  Spinal  cord 

0.94 

0.72 

0.46 

4.  Thyroid  gland 

16.27 

12.45 

7.97 

5.  Blood 

21.90 

16.76 

10.72 

6.  Fat  layer 

1.25 

0.96 

0.61 

7.  Skin 

3.13 

2.39 

1.53 

8.  Nerves 

0.86 

0.66 

0.42 

9.  Gullet 

16.27 

12.45 

7.97 

Average  current 
density  in  neck  area 

8.89 

6.81 

4.36 

Current  percentages  in  tissues  were  calculated  by  using  equation  (3).  Results  are  presented  in  Table  4  at  40  cm  collar 
size.  Current  distribution  in  tissues  varies  a  bit  depending  on  collar  size.  This  results  from  nerves,  which  are  not 
scaled  as  other  tissues.  However,  the  maximum  variation  is  0.1  %  when  varying  collar  size  between  35  cm.. .50  cm. 

Table  4.  Current  percentages  in  different  tissues  at  collar  size  40  cm. 
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Tissue 

Percent  of 

head  current  (p,) 

1.  Muscle 

84.43 

2.  Bone  trabecular 

1.14 

3.  Spinal  cord 

0.13 

4.  Thyroid  gland 

7.41 

5.  Blood 

2.97 

6.  Fat  layer 

2.34 

7.  Skin 

0.77 

8.  Nerves 

0.01 

9.  Gullet 

0.80 

According  to  results  most  of  induced  current  flows  through  muscle.  This  is  due  to  its  conductivity  and  a  large  area  in 
cross-sectional  area. 

4.  Discussion 

The  model  gives  a  more  specific  estimation  about  current  distribution  in  the  neck  area.  According  to  results  current 
densities  in  the  central  nervous  system  stay  clearly  under  limit  value  10  mA/m2  even  if  the  collar  size  is  small  (35 
cm).  Hence,  it  seems  that  substation  workers  in  practical  outdoor  work  situations  in  400  kV  substations  are  not 
exposed  to  current  densities  that  exceed  the  limit  value  of  the  directive  2004/40/EC. 

According  to  the  model  the  collar  size  for  neck  should  be  16.5  cm  in  order  to  exceed  the  limit  value.  Such  a  narrow 
neck  circumference  is  extremely  rare,  if  not  undiscovered  in  the  working  age  population. 

There  are  some  simplifications  in  the  model  that  cause  errors  in  calculations.  Modeling  shapes  differ  from  real  tissue 
shapes  and  so  they  do  not  fit  into  tissues  perfectly.  This  difference  relates  also  to  the  circumference  of  the  neck  cross- 
sectional  area,  which  is  not  exactly  circular  in  the  anatomical  picture.  Another  principal  difference  from  reality  in 
the  model  is  that  cross-sectional  area  of  neck  is  assumed  the  same  in  every  position  of  neck  length  1.  In  reality  the 
proportions  of  tissues  varies  depending  on  the  position  of  cross-sectional  area  on  neck. 

One  limitation  of  the  model  is  that  it  is  purely  resistive  and  it  does  not  take  account  mutual  inductances,  which  occur 
between  different  parallel-connected  tissues.  However,  impedances  of  biological  material  are  mostly  resistive  below 
100  Hz  and  contribution  on  capacitive  component  is  of  the  order  of  10  %  in  most  cases  [5].  Hence,  the  error  caused 
by  this  limitation  does  not  seem  to  be  large. 

When  comparing  current  densities  to  a  study  by  Dimbylow,  P.  [4],  we  can  notice  that  current  densities  in  the  spinal 
cord  are  larger  than  in  our  study.  Our  neck  model  is  suited  to  a  ballpark  estimation.  A  three-dimensional  model  based 
on  for  example  MRI  scan  gives  us  a  more  accurate  estimation. 

For  further  analysis  of  induced  current  densities  it  may  be  necessary  to  develop  cross-sectional  practical  models  also 
for  other  areas  in  the  human  body.  Such  areas  could  for  example  be  the  chest  or  stomach,  because  the  spinal  cord  as  a 
part  of  central  nervous  system  is  part  of  both  cross-sectional  areas. 
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Abstract 

The  problem  of  radiofrequency  radiation  standardization  is  the  most  important  problem  of  up-to-date-ness 
because  all  frequencies  of  radiofrequency  radiation  are  used  in  different  technical  and  domestic  devices.  The 
sharpness  of  this  problem  was  elucidated  half  a  century  ago,  when  the  USSR  standard  for  microwave 
radiation  was  1000-fold  lower  than  the  USA  standard.  In  the  USA  and  in  many  other  countries,  a  power  density 
of  10  mW/cm2  has  been  adopted  as  a  standard  safety  level,  but  in  the  USSR  a  value  of  10  uW/cm2  was  adopted. 

This  problem  exists  both  for  microwave  radiation  and  other  radiofrequencies  at  the  present  time. 

The  thermodynamic  theory  of  systems  under  electromagnetic  radiation  gives  the  general  law  of 
electromagnetic  energy  conversion  into  energy  of  chemical  bonds  (the  Helmholtz  free  energy).  This  law  gives 
the  dependence  of  bioeffects  on  absorbed  power.  The  thermodynamic  law  shows  that  there  are  two  regions  of 
bioeffects  of  radiofrequency  radiation:  thermal  effects  and  isothermal  ones  (endergonic  +  exergonic  effects). 
The  USA  standard  is  good  only  for  thermal  effects,  but  the  USSR  standard  is  valid  for  thermal  and  isothermal 
effects. 

It  is  discussed  a  role  of  a  good  social  decision  for  conservation  of  public  health. 


Introduction.  The  general  principle  of  hygienic  standardization 


The  general  principle  of  hygienic  standardization  is  simple.  Hygienic  research  begins  with  the  most  great 
influences.  In  these  conditions,  there  is  a  hundred-per-cent  adverse  effect  (death,  illness  etc).  Then  the  influence 
decreases  and  the  adverse  effect  decreases  too.  At  last  a  hygienist  does  not  see  an  adverse  effect.  This  point  is 
called  the  no-observed-adverse-effect  level  (NOAEL)  or  no-observed-effect  dose.  This  point  is  the  final  one  of 
natural  research.  The  following  decision  (standard)  is  the  social  act  because  all  levels  and  doses  below  the 
NOAEL  or  no-observed-effect  dose  are  determined  as  safe  levels  or  doses  (Fig.l).  This  statement  was  the 
general  paradigm  of  safety  in  20th  century.  This  paradigm  prevails  today. 
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Fig.l 


The  principle  of  radiofrequency  radiation  standardisation  in  the  20th  century 

During  the  second  part  of  the  20th  century,  there  was  considerable  development  and  increase  in  the  number 
of  devices  that  emit  nonionizing  radiofrequency  radiation.  For  example,  microwaves  (MW)  were  used  in  all 
sectors  of  our  society  for  military,  industrial,  telecommunications,  medical  and  consumer  applications.  This  is 
the  frequency  range  receiving  the  most  attention  in  terms  of  biological  interaction.  This  is  due  to  the 
widespread  use  of  high  MW  energy  densities  in  highly  populated  areas.  High  energy  densities  of  MW 
radiation  cause  heating  of  the  human  body.  This  is  a  dangerous  effect  and  the  principle  of  20th  century 
standardization  for  radiofrequency  radiation  was  simple  and  common  [1].  it  has  needed  to  determine  the  no- 
observed-  heating-effect  level.  Safe  conditions  must  be  lower  than  the  no-observed-heating-effect  level.  This 
statement  was  the  general  paradigm  of  safety  in  the  20th  century  for  radiofrequency  radiation  and  prevails 
today.  In  the  USA,  a  power  density  of  10  mW/cm2  has  been  adopted  as  the  standard  safety  level  [2],  Standards 
in  different  countries  are  different  because  shifts  from  the  no-observed-heating-effect  level  are  not  equal. 

For  a  long  time  there  was  only  one  exception  to  this  rule:  it  was  the  Soviet  standard  on  adverse  microwave 
radiation  effects.  This  standard  was  1000-fold  lower  than  the  USA  standard.  Such  a  huge  difference  in  the 
representation  of  an  adverse  effect  was  a  result  of  the  great  experimental  programme  in  the  USSR  in  the  middle 
of  the  20th  century. 

In  the  USSR,  standardization  for  microwave  radiation  was  begun  in  1956.  Soviet  hygienists  studied  at  first 
the  thermal  effects  of  high-intensity  radiation  and  then  they  took  an  interest  in  low-intensity  radiofrequency 
radiation.  They  revealed  that  changes  resulting  from  chronic  or  repeated  exposure  to  low  intensities  of  radiation 
are  specific,  initially  reversible  and  affect  the  nervous  system,  myocardium,  kidneys  etc.  About  70  photos  of 
those  changes  are  in  an  English  book  [3].  The  reversible  changes  disappear  after  some  time,  if  the  exposure  is 
ended.  In  other  cases,  the  changes  are  permanent.  The  results  of  these  researches  were  published  both  in 
Russian  and  in  English  [3,4]. 

In  the  end,  the  Doctor-hygienist  Z.  V.  Gordon  (head  of  the  laboratory  of  radiofrequency  electromagnetic 
waves  of  the  Institute  of  Labour  Hygiene  and  Occupational  Diseases  of  the  Academy  of  Medical  Science  of  the 
USSR)  proposed  for  the  Soviet  microwave  hygienic  standard  a  power  density  of  10  LiW/cm2.  Her  suggestion 
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was  supported  by  Admiral  A. I. Berg  ,  Deputy  Defence  Minister  for  the  USSR  .  So,  in  the  USSR  the  value  of 
10  pW/cm2  was  adopted  as  the  safety  standard  for  microwave  radiation.  This  led  to  the  well-known  difference 
of  a  factor  of  1000  between  the  safety  standards  in  the  USSR  and  the  USA.  Thus,  the  Soviet  standard  was  the 
most  stringent  standard  in  the  world. 

The  Soviet  standard  has  taken  into  account  adverse  non-thermal  effects.  It  means  that  in  the  second  part  of 
the  20th  century  in  Russia,  the  other  independent  paradigm  of  hygienic  standardization  of  radiofrequency 
radiation  has  been  adopted.  This  confusing  picture  was  indeed  the  beginning  of  a  hygienic  discussion  which 
has  been  long  and  unsuccessful.  The  situation  can  be  changed  by  the  thermodynamic  theory  of  systems  under 
electromagnetic  radiation. 

Thermodynamics  is  free  from  the  terms  “adverse  effect”,  “hazard”  etc.  These  terms  are  known  in  medicine 
and  biology.  Thermodynamics  deals  with  thermal  and  isothermal  processes,  the  endergonic  and  exergonic  ones, 
but  every  process  can  be  useful  or  adverse  from  a  view  of  life  and  from  a  human  standpoint.  The  method  of 
thermodynamics  of  irreversible  processes  in  systems  under  electromagnetic  radiation  yielded  interesting  results 
for  up-to-date  hygiene  and  physiology.  One  result  is  related  to  the  radiofrequency  safety  problem. 

Resume  of  advances  in  the  nonequilibrium  thermodynamics  of  isothermal  processes  in  systems 

under  electromagnetic  radiation 

Thermodynamics  deals  with  the  energy  of  processes  and  the  efficiency  of  energy  conversion.  It  began  with 
a  study  of  technical  systems  under  electromagnetic  radiation  (luminescent  lamps  and  solar  cells).  The 
considered  system  is  given  in  Fig. 2,  with  the  definitions.  In  this  system,  there  are  three  kinds  of  energy 
conversion:  radiation  into  radiation,  radiation  into  Helmholtz  free  energy  and  radiation  into  heat. 

The  basic  theoretical  work  was  done  by  L.  Landau  in  1946  [5].  At  that  time,  he  was  not  yet  a  Nobel  prize 
winner.  Landau  has  estimated  the  first  way  -  luminescence.  The  result  for  luminescence,  which  has  been 
obtained  by  L.  Landau,  has  struck  scientists  very  much.  Only  some  scientists  can  believe  that  optical  cooling  is 
possible.  Optical  heating  is  habituated  for  us.  But  during  the  1970s  the  thermodynamically  predicted  result  was 
obtained  in  many  systems  under  laser  light;  and  in  1997  the  Royal  Swedish  Academy  of  Sciences  decided  to 
award  the  Nobel  Prize  in  Physics  jointly  to  Steven  Chu  (USA),  Claude  Cohen-Tannoudji  (France)  and  William 
D.  Phillips  (USA)  for  the  development  of  methods  of  cooling  atoms  with  laser  light. 

It  is  foreseeable  that  in  the  future  a  device  will  be  designed  which  combines  the  characteristics  of  a 
radiation-source  and  a  refrigerator.  Thermodynamics  does  not  forbid  a  such  device. 

The  second  way  is  interesting  for  solar  sells  and  bioeffects  of  electromagnetic  radiation.  For  the  second  way 
of  energy  conversion,  thermodynamics  did  not  give  any  wonderful  result  [6],  but  the  solar  cell  presented  a 
possibility  of  direct  numerical  verification  of  the  thermodynamic  theory  through  a  correlation  with  experimental 
data.  This  comparison  became  possible  because  theoretical  physicists  have  gone  from  the  thermodynamic 
limit  efficiency  estimation  to  the  real  efficiency  calculation  for  processes  with  losses.  The  numerical 
correlation  of  experimental  data  with  the  theory  was  not  only  satisfactory,  but  the  fit  of  theory  and  experiment 
was  also  quite  good.  Furthermore,  the  thermodynamic  method  may  work  even  for  living  systems.  It  allowed 
understanding  and  explanation  of  many  experimental  results  in  living  systems,  which  had  not  previously  been 
exhaustively  explained  [7,8]. 
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Simbols  and  Notations: 


T  -  temperature 


•  time  derivative  sign 


Energy 


Corresponding  entropy  flux 


Ur  -  internal  energy  of  reactants 

Up-  internal  energy  of  products 

• 

Wa-absobed  power 

O 

W|  -  power  of  luminescence 
Q  -  thermal  flux 


S, 

Sp 

$a 

S| 


Q/T 


Sj  -  entropy  generation  rate  in  system 


F  -  Helmholtz  free  energy  F  =  U-TS  (1) 

T)  -  real  efficiency  r\  =(Fp  -  Fr)/Wa  =  A  F/Wa  (2) 


A  F  >0 
A  F  <0 


endoergonic  process 
exoergonic  process 
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For  bioeffects  of  electromagnetic  radiation,  there  is  a  need  to  examine  conversion  of  energy  of 
electromagnetic  radiation  into  energy  of  chemical  bonds,  i.e.  into  Flelmholtz  free  energy.  The  efficiency  of  this 
conversion  is  given  by  formula  (2).  On  the  basis  of  the  first  and  second  equations  of  thermodynamics,  for  the 
steady  state  of  a  system,  the  efficiency  q  of  MM  radiation  conversion  at  constant  temperature  is  given  by: 

11  =  1  -T  (  Sa  +  Si  )/Wa  (3) 

From  formula  (3)  it  is  obvious  that  the  efficiency  q  is  determined  by  two  entropy  terms.  The  first  entropy  term 

• 

S  a  (entropy  flux  of  absorbed  power)  is  dictated  by  the  absorbed  power  characteristics  and  is  defined  by 
formula  (4): 


S  a  —  2 Tike  2j  v2  (1+  lnp)dv  (4) 

where  c  is  the  velocity  of  light,  k  is  the  Boltzmann  constant,  v  is  a  frequency  and 

p  =  C2  Ev/27dlV3  (5) 

Ev  is  the  spectral  density  of  absorbed  power  W  a 

W  a  =  1  Evdv  (6) 


The  second  entropy  term  S  \  (entropy  generation  rate)  is  determined  as 

s  i  =  aWa  +  P  W  an  (7) 

where  a,  (1  and  n  ^  1  are  constants  connected  with  the  system  characteristics. 

According  to  formulas  (3  -  7),  the  dependence  of  efficiency  on  absorbed  power  W  a  (or  spectral  density 

of  absorbed  power  Ev)  is  given  by  the  left-hand  curve  of  Fig. 3 
Fig. 3  demonstrates  two  simple  and  important  results: 

1)  A  system  at  constant  temperature  can  show  three  types  of  behaviour  in  response  to  energy 
absorption.  In  order  increasing  absorbed  power,  they  are: 

-  exergonic  isothermal  processes 

-  endergonic  isothermal  processes 

-  endergonic  nonthermal  processes 

2)  Endergonic  processes  have  a  beginning  and  an  end. 
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The  rapid  rise  and  the  plateau  of  the  left-hand  curve  of  Fig. 3  are  determined  by  the  entropy  of  absorbed 
power  according  to  (4),  but  the  position  of  the  curve  on  the  logarithm  of  absorbed  power  axis  (the  point  of  its 
intersection  with  the  absorbed  power  axis,  where  the  real  endergonic  processes  are  balanced  out  by  exergonic 
processes)  is  dictated  by  the  linear  term  of  the  entropy  generation  rate  according  to  (7).  The  falling  region  of  the 
left-hand  curve  is  defined  by  the  nonlinear  term  in  the  entropy  generation  rate.  This  is  the  second  term  in 
formula  (7)  for  the  condition  n  >  1. 

A  qualitative  agreement  between  the  thermodynamic  theory  of  endergonic  processes  and  experimental  data 
was  demonstrated  in  a  series  papers  [9-12]  and  in  two  books  [7,  8].  That  is  why  this  aspect  of  the  problem  will 
be  omitted  in  the  present  paper. 

So,  endergonic  processes  have  a  beginning  and  an  end  at  some  level  of  absorbed  power,  but  an 
experimentalist  can  study  the  system  not  only  at  constant  temperature,  but  also  at  increasing  temperature  for 
high  absorbed  power.  According  to  thermodynamic  theory  in  this  case,  we  have  two  results:  a  system  with  no 
biological  effects;  and  thermal  processes  in  a  system  (right-hand  curve  in  Fig. 3). 

Thermal  effects  of  radiofrequency  radiation  have  been  studied  for  almost  one  hundred  years  and  for 
thermal  processes  there  is  sufficient  scientific  clarity.  That  is  why  this  aspect  of  the  problem  is  omitted  in  the 
present  paper.  The  interval  without  biological  effects  is  poorly  understood  and  it  is  therefore  useful  to  recall  a 
paper  by  scientists  at  the  University  of  Utah  (Salt  Lake  City,  USA),  who  studied  this  interval  [13].  They 
exposed  monolayer  cell  cultures  (for  example  BFIK-21/C13  cells)  to  high  levels  of  microwave  radiation  without 
significant  microwave-induced  heating  (<  0.1°  C).  They  showed  that  for  the  frequency  interval  38-48  GFlz  at  a 
power  density  of  292  mW/cm2  and  for  65-75  GFlz  at  a  power  density  of  177  mW/cm2  bioeffects  of 
microwaves  were  absent  [13]. 


Thermodynamic  conclusions  for  hygienic  standardization 


The  curves  of  Fig.3  are  very  important  for  the  hygienic  standardization  of  radiofrequency  radiation.  They 
show  that  the  20th  paradigm  of  hygienic  standardization  takes  into  account  only  thermal  processes  in  living 
systems  under  electromagnetic  radiation.  In  the  light  of  thermodynamic  theory,  it  is  clear  that  the 
experimentalists  finished  their  research  when  they  reached  the  interval  between  thermal  and  nonthermal  effects. 
All  current  hygienic  standards,  except  the  Russian  standards,  lie  in  this  interval  (cross). 

The  standards  of  different  countries  are  different  because  they  are  not  equally  close  to  the  no-observed- 
heating  level  (the  starting  point  for  thermal  processes).  But  they  are  all  interposed  between  thermal  effects  and 
nonthermal  endergonic  ones. 

From  thermodynamics  it  is  obvious  that  current  international  standards  relate  to  thermal  processes  only. 

The  Soviet  hygienic  standard  for  radiofrequencies  holds  both  for  thermal  and  for  isothermal  processes. 
That  is  why  it  is  1000-fold  more  severe  than  the  USA  standard  and  all  other  standards. 

It  is  obvious  that  in  the  future  national  and  international  standards  will  be  changed.  They  will  become  more 
severe  and,  in  the  long  run,  isothermal  effects  will  taken  into  account.  Then  the  science  of  hygiene  will  have  a 
theoretical  basis  as  a  third  point  of  support,  in  parallel  with  the  experimental  and  social  ones.  This  is 
demonstrated  schematically  in  Fig. 4.  But  hygienists  do  not  at  present  know  the  theoretical  basis  and  the 
situation  is  therefore  not  simple. 
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Fig. 4 


Radiofrequency  hygiene  of  the  transitional  period 

The  main  current  international  documents,  “Directive  2004/40/EC  of  the  European  Parliament  and  the 
Council  of  29  April  2004  on  the  minimum  health  and  safety  requirements  regarding  the  exposure  of  workers  to 
the  risk  arising  from  physical  agents”  and  “ICNIRP  Guidelines  for  limiting  exposure  to  time-varying  electric, 
magnetic,  and  electromagnetic  fields  (up  to  300  GHz)”,  take  into  account  only  thermal  processes  under 
radiofrequency  radiation.  How  should  hygienists  deal  with  real  situations  today?  There  are  two  ways.  One 
way  is  very  simple:  it  is  to  wait  for  laboratory  isothermal  experiments  to  show  scientifically  what  the  standard 
of  absorbed  power  must  be.  In  this  case,  hygienists  will  leave  the  people  without  protection  for  a  long  time. 
But  there  is  another  way:  a  social  resolution  of  the  problem,  i.e.  a  precautionary  approach.  Social  decisions  may 
vary,  which  means  that  national  standardizations  will  be  original,  as  is  now  indeed  the  case.  Some  examples 
are  given  below. 

Poland 

Polish  hygienists  understand  that  limits  based  on  ICNIRP  are  not  too  liberal  in  the  case  of  chronic  occupational 
exposure,  and  the  regulations  established  in  Poland  contain  limits  on  permissible  exposure  which  are  more 
restrictive  than  the  EC  Directive  and  the  ICNIRP  Guidelines.  The  Polish  standardization  system  allows 
harmonisation  with  the  EC  Directive/ICNIRP  basic  restrictions  and,  at  the  same  time,  the  practical  application 
of  a  precautionary  approch  in  the  occupational  environment. 

In  Poland,  there  are  three  levels  of  exposure  [14]: 
high-level  and  dangerous  zone, 
medium-level  and  safety  zone, 
low-level  for  outside  the  safety  zone. 

For  pregnant  women  and  young  workers  (below  18  years),  the  levels  of  restricted  occupational  exposure  in 
Polish  Standards  (2002)  are  2-3  times  lower  than  international  regulations.  For  thresholds  of  permissible 
environmental  exposure,  they  are  10  times  lower. 

Sweden 

It  has  long  known  that  the  Swedish  occupational  standards  for  personal  computers  are  more  severe  than 
international  ones. 
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Austria 

The  strictest  precautionary  approach  has  been  established  in  Austria.  It  is  the  so-called  “Salzburg  Model” 
[15,16].  The  “Salzburg  Model”  was  created  in  the  city  of  Salzburg  in  1997-  1998,  when  the  Department  of 
Public  Health  of  the  Federal  State  of  Salzburg  was  requested  by  the  Salzburg  Provincial  Parliament,  the  director 
of  the  Department  of  Health  and  several  mayors  to  provide  a  medical  evaluation  of  the  GSM  fields  emitted  from 
mobile  telecommunications  base  stations.  The  aim  of  the  Salzburg  Model  is  the  implementation  of  a 
precautionary  strategy  for  the  protection  of  public  health  against  electromagnetic  fields. 

The  so-called  “Salzburg  precautionary  value”  is  equal  to  lmW/m2  (or  0.1  qW/cirr)  for  the  bands  of  900 
MHz  -  1800  MHz.  This  frequency  band  is  used  by  GSM  base  stations.  It  is  useful  to  compare  the  “Salzburg 
precautionary  value”  with  the  ICNIRP  (1998)  standard  of  4  -  10  W/m2,  which  is  based  on  thermal  effects  in  the 
same  frequency  range.  The  difference  is  4  orders  of  magnitude.  This  difference  accords  well  with  theoretical 
estimates  of  the  difference  between  the  thresholds  for  thermal  and  isothermal  processes. 

Austrian  hygienists  understand  that  the  Salzburg  precautionary  value  is  based  on  biological  effects  of  low- 
intensity  exposure  (isothermal  effects). 

The  decision  of  the  Salzburg  authority  is  a  wise  decision,  and  is  in  accordance  with  the  WHO  policy  [23]. 
One  can  compare  this  decision  with  Napoleon’s  decision.  As  is  known,  Napoleon  Bonaparte  created  a  domestic 
code.  According  to  Napoleon’s  code,  the  father  of  a  child  born  in  wedlock  is  the  husband.  In  real  situations,  if 
the  father  is  unknown,  the  husband  is  considered  as  the  father.  This  decision  is  dictated  by  expediency,  rather 
than  truth.  Napoleon’s  decision  has  been  a  wise  decision,  because  it  has  saved  the  law-courts  and  the 
population  from  unnecessary  trouble.  Napoleon’s  decision  has  became  a  principle  of  legislation  in  many 
European  countries  for  two  centuries.  Today,  this  problem  is  solved  by  scientific  methods  because  science  can 
establish  paternity  with  high  accuracy. 

The  “Salzburg  Model”  offers  some  advantages  over  Napoleon’s  decision,  because  the  “Salzburg  Model” 
corresponds  to  thermodynamic  predictions.  Thermodynamic  law  supports  the  Salzburg  precautionary  level. 

It  is  now  apparent  that  this  work  will  be  the  subject  of  experimental  investigation,  as  attested  by  the 
Austrian-Spanish  paper  [17]. 

Summary 

Thermodynamic  theory  shows  that  there  are  two  independent  regions  of  biological  effects  of  radiofrequency 
radiation:  thermal  and  isothermal  ones.  Thermal  effects  are  very  simple,  well  studied  and  standardized. 
Isothermal  effects  are  complicated  to  study  and  their  standardisation  is  for  the  future. 

The  precedents  of  the  Salzburg  model  and  the  Soviet  (Russian)  standard  are  the  first  steps  in  a  new  hygienic 
science  and  a  new  system  of  standardisation,  which  will  be  able  to  protect  public  health  against  adverse  effects 
of  radiation.  These  are  real  attempts  to  execute  the  WHO  plans  and  intentions. 
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Abstract 

This  presentation  will  summarize  the  results  of  several  human  volunteer  studies  carried  out  at  Swinburne 
University  over  the  last  7  years.  The  outcomes  (significant  unless  otherwise  stated)  were: 

•  Tests  of  cognition  (n  =  120  subjects;  battery  of  8  tests):  When  adjusted  for  co-variables,  worse 
performance  in  simple  reaction  time  and  choice  reaction  time;  worse  performance  in  some  measures  of 
information  retrieval,  but  improved  speed  of  processing  of  information  held  in  memory. 

•  Event  Related  Potential  pilot  study  (n  =  12  subjects;  auditory  stimuli):  Reduced  N1  amplitude  and 
latency  to  non-target  and  increased  P3  latency  to  oddball  target  stimuli;  worse  reaction  time 
performance. 

•  Event  Related  Potential  main  study  (n  =  120  subjects;  auditory,  visual  and  cognitive  task  stimuli):  no 
significant  changes  in  ERP-related  parameters. 

•  Sleep  study  (n  =  50;  polysomnography):  REM  latency  reduced  by  16%.  EEG  alpha  power  enhanced  by 
8%  during  1st  non-REM  period. 

•  Overnight  melatonin  (metabolite)  output  (n  =  55):  Overall  no  change,  but  27%  reduction  in  normalized 
output  pre-bedtime. 

These  results  will  be  compared  for  overall  internal  consistency  and  with  studies  from  other  laboratories.  Part  of 
the  program  of  the  Australian  Centre  for  Radiofrequency  Bioeffects  Research  is  to  extend  some  of  the  studies. 


Introduction 

The  basic  question  our  research  program  has  sought  to  answer  is:  do  the  emissions  from  mobile  phone  handsets 
lead  to  an  immediate  change  in  a  person’s  neuropsychological  performance,  such  as  ability  to  react  to  stimuli, 
recall  information,  perform  tasks  accurately,  get  a  good  night’s  sleep  and  so  on?  The  specific  hypotheses  we 
formulated  were  on  the  basis  of  research  available  to  us  in  the  planning  phase.  An  extensive  literature  review 
was  taken  at  this  time  (Hamblin  &  Wood  2002).  This  identified  EEG  alpha  power  increase  in  response  to 
radiofrequency  (RF)  exposure  as  being  the  most  consistent  observation 
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Methods 

Exposure  to  RF  was  accomplished  by  the  use  of  a  popular  handset,  programmed  into  GSM  pulsed  mode  (0.25  W 
average)  using  the  manufacturer’s  software,  giving  a  constant  output  over  the  time  of  the  experiment,  typically  1 
-  2  hours.  The  output  was  checked  in  three  ways:  i)  with  dipole  antenna;  ii)  direct  connection  to  RF  power  meter 
and  iii)  by  measurements  in  SAR  phantom.  The  maximum  lOg-averaged  SAR  value  obtained  was  0.11  W/kg 
(Hamblin  et  al  2006),  with  the  phone  attached  to  a  cradle  placing  the  handset  in  a  normal  position  next  to  cheek. 
A  number  of  checks  were  made:  firstly,  that  the  participants  could  not  detect  audible  cues  from  the  handset 
circuitry;  secondly  that  ELF  pickup  in  EEG  electrode  leads  was  not  significant  (Wood  et  al  2003)  and  thirdly 
that  the  SAR  value  was  not  affected  by  the  presence  of  EEG  lead  wiring.  In  the  case  of  auditory  stimuli,  an 
additional  test  ensured  that  the  test  tones  (which  were  delivered  by  air-tube  ear  inserts)  were  uncontaminated  by 
EMI  from  the  phone  handset. 

A  number  of  biological  endpoints  were  assessed  as  follows:  a)  speed  &  accuracy  in  performing  (mainly  paper  & 
pencil)  cognitive  tasks;  b)  Event-related  potentials  (ERPs):  specific  changes  in  EEG  evoked  by  visual,  auditory 
&  cognitive  stimuli;  c)  sleep  architecture:  quality  and  type  of  sleep  following  30  min  of  phone  exposure  just 
prior  to  going  to  bed  and  d)  the  output  of  urinary  melatonin  metabolite:  before  and  after  sleep  in  both  exposure 
conditions. 

The  basic  procedure  followed  was  of  two  types:  for  the  cognition  &  ERP  experiments,  there  were  two  testing 
sessions  1  week  apart  each  with  one  of  two  exposure  conditions:  a  random  number  generator  determined  which 
of  exposure  condition  A  (sham)  or  B  (actual  exposure)  occurred  first.  To  minimise  practice  effects  alternate 
forms  of  the  cognitive  tests  were  given:  the  tests  in  each  battery  were  given  in  random  order  (but  in  the  same 
order  between  the  two  exposure  conditions).  The  test  were  given  twice  at  each  session  (4  times  altogether),  one 
before  and  once  during  the  (real  or  sham)  exposure.  The  outcomes  were  scored  as  a  difference  between 
performance  before  and  performance  during  exposure,  then  score  for  weeks  A  &  B  were  compared. 

For  the  sleep  study  the  procedure  was  somewhat  different:  participants  stayed  overnight  for  the  Saturday  and 
Sunday  nights  of  two  successive  weekends.  The  Saturday  nights  were  for  adaptation  to  sleeping  in  the  laboratory 
and  on  the  Sunday  nights  the  A  or  B  type  exposure  was  given  for  a  period  of  30  minutes  prior  to  getting  into  bed. 
The  monitoring  electrodes  were  not  attached  until  the  exposure  had  finished.  Polysomnography  was  carried  out 
until  6  am  the  next  morning.  Urine  was  collected  before  getting  into  bed  and  at  6  am:  urine  volumes,  creatinine 
and  6-hydroxy-melatonin  sulphate  (aMT6s)  concentrations  were  measured. 

In  statistical  analysis  of  results  the  potential  confounding  of  multiple  comparisons  was  recognised.  Where 
possible  we  used  prior  hypotheses  based  on  literature  expectations:  in  these  confirmatory  hypotheses  p  <  0.05 
was  taken  as  the  critical  value  for  changes  being  regarded  as  significant.  In  hypothesis-generating  comparisons, 
the  critical  p  value  was  taken  as  0.05  divided  by  an  effective  number  of  independent  comparisons.  For  example, 
where  the  EEG  was  typically  measured  from  62  scalp  sites:  data  from  several  sites  were  grouped  and  trends 
across  the  scalp  studied  (giving  just  2  levels  of  laterality  and  3  levels  in  the  front/back  direction). 

Outcomes 

1.  Effects  on  Cognition  (Keetley  et  al  2006) 

In  this  study  of  120  volunteers,  a  battery  of  8  tasks  were  given,  but  task  scores  yield  18  measures  of  cognitive 
performance.  The  results  were  adjusted  for  co-variables:  sex,  age  &  educational  level  where  there  was  literature 
evidence  for  this.  It  was  found  that  participants  scored  worse  in  reaction  time  &  information  retrieval  tests,  but 
showed  improvement  in  speed  of  processing  of  information  held  in  memory.  We  concluded  that  basic  memory 
tasks  were  impaired,  but  higher  cortical  functions  improved 

2(a).  ERP  pilot  study  (Hamblin  et  al  2004) 

This  was  a  small  hypothesis-generating  study  of  12  volunteers.  An  auditory  ‘oddball’  task  was  studied: 
responses  to  the  ‘oddball  target’  stimulus  (t)  and  ‘non-target’  stimuli  (nt)  were  considered  separately.  For  the  ‘nt’ 
responses,  N1  amplitude  was  reduced  (50%)  and  latency  was  8.7%  less  with  exposure.  For  ‘t’  responses,  P3 
latency  was  8%  longer.  Reaction  Time  (RT)  was  10%  worse. 

2(b).  ERP  main  study  (Hamblin  et  al  2006) 

This  followed  on  from  the  above  and  was  a  study  of  120  volunteers.  For  the  auditory  and  visual  ‘oddball’  tasks: 
‘t’  and  ‘nt’  responses  were  considered  separately.  ERP  amplitudes  and  latencies  at  specific  sites  were  analysed, 
along  with  RT  to  ‘t’  responses  in  both  the  auditory  and  visual  tasks.  No  significant  changes  were  found  in 
relation  to  these  parameters.  Future  analysis  will  concentrate  on  ERP  changes  from  various  scalp  regions  derived 
from  factor  analyses  together  with  Event  Related-Desynchronisation/Synchronisation  (ERD/ERS)  and  Choice 
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Reaction  Time  (CRT)  recorded  during  a  cognitive  task,  which  was  a  card-sorting  task  which  was  also  conducted 
as  part  of  the  test  battery.  Psychological  activation,  as  well  as  investigation  into  all  above  parameters  by  age, 
gender,  previous  mobile  phone  use,  hemisphere  exposed  and  laterality  is  also  currently  being  undertaken. 


3.  Sleep  study  stages  (Loughran  et  al  2005) 

This  was  of  a  group  of  55  volunteers  (5  who  had  to  be  excluded  because  a  sleep  disorder  was  revealed  during  the 
subsequent  sleep  analysis).  Ten  standard  sleep  parameters  were  compared  for  RF  effect:  all  were  non-significant, 
except  for  rapid  eye-movement  (REM)  sleep  latency,  which  was  reduced  16%  by  exposure  (and  which  was  a 
serendipitous  finding).  The  EEG  Alpha  band  power  (range  11.5  -  12.25  Hz)  was  shown  to  be  significantly 
enhanced  (by  8%)  in  the  1st  non-REM  period  (and  this  supported  a  prior  hypothesis). 

4.  Sleep  study  melatonin  (Wood  et  al  2006) 

The  urine  melatonin  metabolite  (aMT6s)  was  measured  in  pre-and  post  bed-time  samples  in  the  same  55 
volunteers  involved  in  study  3.  Overall,  there  was  no  change  in  total  output  (pre-  +  post-bedtime:  14.1  vs  14.6 
pg).  When  values  were  normalised  to  urine  creatinine  concentration  (which  is  considered  to  give  a  more  precise 
estimate  of  aMT6s  output),  there  was  a  significant  reduction  (by  27%)  in  pre -bedtime  samples  (Sham:  7.7; 
Exposed  5.6;  units:  ng  aMT6s/mg  creatinine).  However,  the  distribution  showed  that  4  of  the  subjects  were 
outlying  the  normal  distribution  (all  in  the  same  direction).  If  these  were  eliminated  from  the  analysis  the 
difference  was  not  significant. 

Summary 

The  results  of  these  separate  studies  are  currently  being  evaluated  for  internal  consistency  and  for  consistency 
with  results  from  other  laboratories.  Under  the  program  of  the  Australian  Centre  for  Radiofrequency  Bio-effects 
Research  some  of  these  studies  are  being  replicated  using  some  of  the  same  cohort  of  subjects  and  using  3-G 
type  exposures. 
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ABSTRACT 

The  effect  of  magnetic  field  (MF)  exposure  on  microvascular  blood  flow  is  controversial  with  no 
clear  evidence  of  any  one  effect.  In  this  study,  we  investigated  the  effect  of  a  complex,  low  frequency, 
electromagnetic  pulse  (CNP)  on  microvascular  blood  flow  when  stimulated  with  acetylcholine 
(vasodilator).  The  effect  of  CNP  exposure  on  blood  flow  (after  30  and  60  min)  when  stimulated  by  3 
concentrations  of  acetylcholine  (Ach)  was  tested  in  the  peripheral  muscle  microvasculature  of  a  rat  and 
measured  using  laser  Doppler  flowimetry.  A  mixed  design  ANOVA  indicated  that  there  was  a  main  effect 
of  time,  and  a  main  effect  of  Ach  concentration  (positive  control).  There  was  no  significant  interaction 
between  time  and  exposure  type  due  to  the  large  variance  created  by  the  Ach  concentration;  however,  a 
power  analysis  projection  of  the  data  suggests  that  with  additional  rats  a  significant  effect  would  be  present 
at  the  0.1  mM  Ach  concentration.  This  data  will  further  be  analyzed  using  spectrographs  to  identify 
possible  imprints  of  the  CNP  in  the  blood  flow  recordings,  as  well  as  any  other  frequency  differences  that 
are  present  between  the  sham-  and  CNP-exposed  animals.  In  light  of  the  present  results,  it  would  appear 
that  the  CNP  modestly  increases  microvascular  blood  perfusion  after  60  min  of  exposure  in  the  rats  that 
received  0.1  mM  Ach  compared  to  sham-exposed  animals.  These  findings  are  important  in  that  one 
potential  ‘side-effect’  of  MF  exposure  to  this  particular  MF  sequence  has  been  investigated. 
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INTRODUCTION 

The  effect  of  magnetic  field  (MF)  exposure  on  microvascular  blood  flow  is  controversial  with  no 
clear  evidence  of  any  one  effect.  Published  literature  is  mixed,  however,  it  could  be  suggested  that  results 
are  mostly  divided  into  2  categories1:  those  studies  that  suggest  that  MFs  lead  to  an  increase  in  perfusion, 
and  those  studies  that  support  a  biphasic  effect  of  MFs.  The  former  group  of  studies  indicates  that  when 
blood  vessels  are  resting  at  a  normal  tone,  MF  exposure  leads  to  an  increase  in  perfusion  (both  during  and 
after  exposure) 2’3;  while  the  latter  studies  indicate  that  when  vessel  tone  is  either  low  or  high,  MF  exposure 
alters  vasomotion  so  that  normal  vessel  tone  is  re-established4.  The  observed  variation  in  published  studies 
is  likely  attributed  to  the  variation  in  tested  parameters  (duration  of  exposure,  time-varying  vs.  static  MF, 
localization  of  exposure,  MF  strength)  and  species  (mice,  rats,  humans). 

In  this  study,  we  investigated  the  effect  of  a  specific  pulsed  MF  sequence,  a  complex 
neuroelectromagnetic  pulse  (CNP),  on  microvascular  blood  flow  when  stimulated  with  a  vasodilator 
(acetylcholine).  The  CNP  has  been  shown  by  our  lab  to  be  effective  in  providing  analgesia5  for  snails, 
mice,  and  humans,  therefore  we  were  interested  in  its  potential  effects  on  other  biological  systems,  such  as 
the  microcirculatory  system. 

Numerous  applications  and  benefits  could  be  derived  from  locally  manipulating  microcirculatory 
blood  flow.  For  instance,  the  ability  to  locally  modify  blood  flow  may  be  of  benefit  to  wound  healing,  site- 
specific  absorption  of  drugs,  and  re-perfusion  of  ischemic  tissue.  Conversely,  if  an  individual  was 
receiving  MF  therapy  for  a  particular  condition  unrelated  to  blood  flow,  understanding  other  effects  of  that 
MF  (e.g.  microcirculatory  effects)  would  be  of  importance. 

According  to  previous  research,  results  from  this  study  should  be  explained  by  1  of  2  theories:  A.) 
The  CNP  will  provide  a  homeostatic  effect.  That  is,  when  acetylcholine  (Ach)  is  administered,  blood  flow 
should  increase,  however,  the  CNP  will  cause  resistance  against  this  blood  flow  increase  and  no  effect  or  a 
reduced  effect  on  perfusion  should  be  observed.  B.)  In  agreement  with  our  preliminary  data6  and  other 
research  showing  that  MFs  increase  perfusion,  the  CNP  will  in  some  way  enhance  the  effects  of  Ach  on 
blood  flow  leading  to  an  increase  in  perfusion.  It  is  proposed  that  nitric  oxide  may  be  involved  in  the 
potential  interaction  of  Ach  with  the  CNP. 

OBJECTIVE 

The  objective  of  this  experiment  was  to  determine  the  effect  of  CNP  exposure  (after  30  and  60 
min)  on  blood  flow  when  stimulated  by  Ach  in  the  peripheral  muscle  microvasculature  of  a  rat. 

METHOD 

100  male  Sprague-Dawley  rats  (210-290  g)  were  housed  on  a  12hr/12hr  light/dark  cycle  and  were 
provided  with  food  and  water  ad  libitum.  All  procedures  were  performed  in  accordance  with  the  Ethics 
Review  Board  at  the  University  of  Western  Ontario. 

Rats  were  anesthetized  using  pentobarbital  sodium  (65mg/kg  of  mass)  and  surgery  was  performed 
on  the  left  hind  limb.  The  extensor  digitorum  longus  (EDL)  muscle  was  carefully  exposed  and  allowed  to 
stabilize  for  half  an  hour  prior  to  the  MF  exposure.  Individual  rats  were  then  placed  within  the  set  of 
Helmholtz-like  coils  and  a  laser  Doppler  flow  meter  probe  was  lowered  directly  on  top  of  the  EDL. 
Specifics  of  the  coils  and  MF  are  as  follows:  1.2  m  diameter  for  the  coil  that  generates  the  vertical  low 
frequency  (<  1000  Hz)  MF  with  a  200  pT  peak  (400  mT/s).  The  sequence  consists  of  5  pulse  segments 
(each  853  ms)  with  an  average  frequency  of  72  Hz  separated  by  an  increasingly  long  refractory  period 
(110-1200  ms). 

A  Time  0  (prior  to  MF  exposure)  measurement  was  taken  for  8  min  using  PeriMed  for  Windows 
software.  The  MF  (CNP)  was  then  turned  on.  After  30  min  had  elapsed  from  the  end  of  the  Time  0 
recording,  a  second  measurement  was  taken  (Time  30)  for  8  min.  After  60  min  had  elapsed  from  the  end  of 
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the  Time  0  recording,  a  final  (Time  60)  measurement  was  made  again  for  8  min.  For  each  recording,  the 
same  procedure  was  followed:  20  sec  of  un-stimulated  blood  flow  was  recorded  to  obtain  a  baseline  and 
then  Ach  was  dropped  directly  on  top  of  the  EDL.  Three  different  concentrations  of  Ach  were  used:  0.1,  1, 
and  10  mM.  Prior  to  each  Ach  injection,  phosphate-buffered  saline  was  injected  on  the  EDL  as  a  control 
measure. 


At  the  end  of  the  experiment,  rats  were  euthanized  via  an  intra-cardiac  injection  of  pentobarbital. 
The  Time  30  and  Time  60  peak  blood  flow  values  were  normalized  to  the  Time  0  peak  values  and  the 
results  were  analyzed  using  SPSS  12.0. 

RESULTS 

A  mixed  design  analysis  of  variance  was  performed  to  test  the  effects  of  CNP  exposure  on  blood 
flow,  using  time  as  a  repeated  measure.  There  was  a  significant  difference  in  peak  blood  flow  response 
across  the  3  tested  time  points  (F( 2,  179)  =  18.15,  p  <  0.001).  The  Time  60  values  were  lower  that  the 
Time  30  values.  Also,  as  expected,  there  was  a  significant  interaction  between  injection  type  (0.1,  1,  or  10 
mM  Ach),  our  positive  control,  and  time  of  exposure  (F(4,  184)  =  3.92,  p  <  0.05).  There  was  no  significant 
interaction  between  time  and  exposure  type  due  to  the  large  variance  created  by  the  Ach  concentration; 
however,  a  power  analysis  projection  of  the  data  suggests  that  with  additional  rats  a  significant  effect  would 
be  present  at  the  0.1  mM  Ach  concentration.  Please  refer  to  Figure  1  for  the  normalized  peak  blood  flow 
response  to  Ach  over  time.  Note  that  the  greatest  effect  of  the  CNP  appears  to  be  occurring  at  the  lowest 
concentration  of  Ach  (0.1  mM).  This  is  illustrated  in  Figure  2. 


CONCLUSION 

In  light  of  the  present  results,  it  would  appear  that  theory  B  -  ‘CNP  increases  microvascular  blood 
perfusion’  could  possibly  explain  the  obtained  data.  After  60  min  of  CNP  exposure,  the  rats  that  received 
0.1  mM  Ach  showed  a  modest  increase  (12  %)  in  peak  blood  flow  response  compared  to  sham-exposed 
animals.  Analysis  of  a  greater  sample  size  is  required  to  confirm  this  finding;  however,  these  results  are  in 
support  of  preliminary  data  collected  from  our  lab6. 

These  findings  are  important  in  that  one  potential  ‘side-effect’  of  MF  exposure  to  this  particular 
MF  sequence  has  been  investigated.  It  would  appear  that  MF  exposure  of  this  type  modestly  increases 
blood  flow  in  the  microvasculature  after  60  min  of  exposure. 

SUMMARY 

The  objective  of  this  experiment  was  to  determine  the  effect  of  30  and  60  min  exposure  to  a 
specific  pulsed  electromagnetic  field  (CNP)  in  the  peripheral  muscle  microvasculature  of  a  rat.  Changes  in 
blood  flow,  when  stimulated  by  3  different  concentrations  of  acetylcholine  (a  vasodilator),  were  recorded 
using  laser  Doppler  flowimetry.  After  60  min  of  CNP  exposure,  the  rats  that  received  0.1  mM 
acetylcholine  (the  lowest  concentration)  showed  a  modest  increase  (12  %)  in  peak  blood  flow  response 
compared  to  sham-exposed  animals.  Analysis  of  a  greater  sample  size  is  required  to  confirm  this  finding. 
These  findings  are  important  in  that  one  potential  ‘side-effect’  of  MF  exposure  to  this  particular  MF 
sequence  has  been  investigated. 
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Sham 


CNP 


Exposure  Type 


FIGURE  1.  Change  in  microvascular  blood  flow  after  30  and  60  min  of  exposure  to  the  CNP  relative  to 
pre-exposure  blood  flow  baseline.  The  line  of  reference  at  point  0  indicates  ‘no  change’  from  the  Time  0 
blood  flow  values.  The  most  noted  difference  in  peak  blood  flow  response  between  the  sham-  and  CNP- 
exposed  animals  occurs  at  the  lowest  concentration  of  Ach  (0. 1  mM)  after  60  min  of  exposure.  Within 
each  of  the  sham  and  CNP  cells,  the  left  hand  points  and  error  bars  refer  to  the  Time  30  measurements  and 
the  right  hand  points  and  error  bars  refer  to  the  Time  60  measurements. 
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Time  30 
J  Time  60 


Exposure  Type 


FIGURE  2.  Percent  change  (from  Time  0)  in  peak  blood  flow  response  to  0.1  mM  Ach  after  30  and  60 
min  of  sham  and  CNP  exposure.  The  line  of  reference  at  point  0  indicates  ‘no  change’  from  the  Time  0 
blood  flow  values.  Within  each  of  the  sham  and  CNP  cells,  the  left  hand  points  and  error  bars  refer  to  the 
Time  30  measurements  and  the  right  hand  points  and  error  bars  refer  to  the  Time  60  measurements. 
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Abstract 

During  the  past  years  many  studies,  including  our  own,  have  shown  significant  changes  in  various  cellular 
processes  caused  by  rates  of  adsorption  at  very  low  level  of  RF  irradiated  tissue. 

In  our  investigations  we  found  that  MW-EMF  exposure  of  cells  down  to  SAR  0.0002  -  0.002  W/kg  caused 
changes  in  the  cell  cycle,  which  could  explain  the  resulting  changes  in  cell  proliferation.  Therefore  it  can  be 
assumed  that  the  observed  changes  were  due  to  non-thermal  RF  effects.  This  could  also  be  concluded  from  our 
experiments  at  various  temperatures,  which  showed  that  changes  in  cell  proliferation  were  significantly  higher 
in  RF  exposed  cells  than  in  non-exposed  cells  at  the  same  temperature. 

Nevertheless  present  safety  levels  are  still  based  on  thermal  effects  only. 

Another  argument  in  favour  of  non-thermal  effects  are  the  soccilled  “window  ”  effects,  i.e.  only  at  specific  power 
densities  and/or  frequencies,  significant  effects  are  seen.  These  “window"  effects  have  only  been  observed  in  the 
non-thermal  range.  The  same  applies  to  the  phenomenon  of  adaptation. 

In  this  study  it  will  be  shown  that,  though  changes  in  cell  proliferation  following  RF  exposure  varied  with  the 
different  SAR  levels,  they  were  not  linearly  proportional  with  increasing  SAR  levels,  but  exhibiting  so-  called 
"window  ”  effects. 

Effects  also  varied  with  the  length  of  exposure  time  and  after  24  h  of  exposure  no  changes  in  cell  growth  were 
detected  any  more.  Moreover  repeated  exposure  did  no  show  any  difference  from  results  found  at  a  single 
exposure.  This  can  only  be  explained  by  adaptation  of  cell  growth  to  RF  exposure. 

So  a  maximum  increase  in  cell  proliferation  was  only  found  at  certain  power  densities  and  exposure  times.  This 
can  be  considered  to  be  characteristic  for  non-thermal  effects. 
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Introduction 

This  study  is  part  of  our  on-going  work  to  find  a  mechanism  for  the  biological  effects  of  electromagnetic  fields 
(EMF),  in  particular  non-thermal  effects. 

From  laboratory,  clinical  and  epidemiological  studies  various  effects  have  been  reporterd  after  exposure  to 
microwave  electromagnetic  fields.  In  course  of  time  many  theories  have  been  proposed  for  these  effects.  On  the 
other  hand,  very  few  experimental  studies  have  appeared  that  offer  an  explanation  for  the  reported  effects. 

At  first  it  was  assumed  that  biological  effects  of  radiofrequency  (RF)  or  microwave  (MW)  fields  are  solely  the 
result  of  heat  generation.  Unfortunately  the  misconception  still  persists  that  all  effects  of  MW-EMF  are  thermal. 
Even  though  we  have  started  to  talk  about  non-thermal  effects  of  MW  fields,  they  are  being  discussed  in  terms 
traditionally  applied  to  heat  effects.  This  is  also  reflected  in  the  official  standardlevels  for  safe  exposure  that  are 
only  based  on  heating  and  are  based  on  average,  whole-body  irradiation  of  laboratory  animals.  However,  a  lot  of 
tissue  damage  has  been  done  long  before  a  laboratory  animal  shows  behaviour  changes  or  dies  from  thermal 
effects. 

At  present  we  have  enough  experimental  evidence  to  question  the  validity  of  standards  based  only  on  thermal 
effects.  In  particular  fundamental  research  on  cell  tissue  cultures  has  presented  the  strongest  evidence.  During  the 
past  years  many  studies,  including  our  own,  have  shown  significant  changes  in  various  cellular  processes  caused 
by  rates  of  adsorption  at  very  low 
level  of  RF  irradiated  tissue.  At 
these  levels  it  was  also  observed  that 
the  biological  effects  were  not  always 
linearly  proportional  with  higher 
power  densities  or  exposure  times, 
but  there  were  so-called  "window  S 

C 

effects".  It  also  appeared  that  these  | 
window  effects  are  characteristic  for  I 
non-thermal  effects.  § 

We  have  chosen  cell  proliferation  as  ^ 
the  parameter  to  follow  the  changes  | 
in  mammalian  cell  tissue  cultures  S 

after  exposure  to  EMF.  Our  8 

experiments  were  all  done  at  very  ® 

low  field  strength,  so  the  observed 
changes  could  be  considered  as  non- 
thermal  effects  of  EMF. 

Methods 

Materials,  cell  cultures,  EMF  -  MW 

exposure,  expeiimental  protocol  and  Figure  l;ELF  electromagnetic  fields:  Dependance  of  maximum  change  in  proliferation 
calculations  have  been  described  rate  on  exposure  time  and  field  strength, 

before  [1-4]. 

Results  and  discussion 

ELF  magnetic  fields 

In  previous  work  [3]  we  showed  that  in  case  of  ELF-EMF  exposure  there  was  a  linear  correlation  between  field 
strength  and  the  exposure  time  to  obtain  a  maximum  effect  as  shown  in  Fig.  1.  However  it  can  be  seen  that  this 
proportionality  is  not  present  within  a  certain  power  range.  As  shown  in  Table  1  there  is  a  plateau  at  40-50  pT  or 
a  socalled  “  window”. 
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TABLE  1 

Dependance  of  maximum  changes  in  proliferation  rate  on  exposure  time  and  ELF  magnetic  field  strength  in 


AMA  cell  cultures  . 


Field  strength 
pT 

Exposure  time  for  maximum  change 
in  proliferation  rate 
min 

20 

35 

30 

34 

40 

27 

50 

27 

60 

26 

80 

25 

MW  magnetic  fields 

The  cell  cultures  were  exposed  to  960  MHz  microwave  fields  at  various  power  levels  and  exposure  times. 

As  shown  in  Table  2  and  3  this  resulted  in  a  significant  change  in  cell  growth,  dependent  on  energy  level  and 
exposure  time.  Repeated  periods  of  exposure  did  not  seem  to  change  the  effects. 

It  is  notable  that  increased  energy  levels  are  not  proportional  to  an  increased  change  in  cell  growth.  At  certain 
levels  there  is  a  negative  change,  while  others  show  a  positive  change.  Also  linearity  between  exposure  time  and 
change  in  cell  growth  is  different  and  dependent  on  energy  levels.  At  varying  energy  levels  the  maximum 
change  is  seen  at  20  or  30  or  40  min  (Table  4). 

At  specific  levels  there  is  an  increase  and  at  others  a  decrease  in  growth  change  at  longer  exposure  times.  The 
latter  could  indicate  adaptation.  So  adaptation  is  apparently  also  dependent  on  energy  level,  since  at  certain 
levels  adaptation  takes  place  already  at  shorter  exposure  times  than  at  other  levels. 
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TABLE  2 

Percent  change  in  proliferation  rate  in  AM  A  cells  after  exposure  to  MW-EMF  of  varying  energy  levels  and 
different  exposure  times. 


Field  strength 
SAR  mW.kg  1 

Exposure 

time 

min 

Change  in  proliferation  rate 

mean 

95%  confidence  limit 

21 

20 

-  3.5* 

-43 

87 

21 

30 

-75 

-55 

199 

21 

40 

-120 

14 

219 

52 

10 

70 

-5 

200 

52 

20 

80 

-17 

204 

52 

30 

645 

-4 

191 

21 

20 

-  1.75* 

-76 

111 

21 

30 

-90 

-4 

191 

21 

40 

1 

4^ 

oo 

* 

-194 

289 

11 

10 

50 

-5 

223 

11 

20 

230 

-9 

312 

11 

30 

40 

-99 

126 

21 

20 

1.3* 

-99 

126 

21 

30 

-55 

17 

108 

21 

40 

-103 

58 

148 

*  not  significant.  P  value  >-  0.5  (paired  t-test) 
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TABLE  3 

Percent  change  in  proliferation  rate  in  AMA  cells  after  30  min  exposure  to  pulsed  microwave  fields  of  varying 


power  levels. 


Field  strength 

SAR  mW.kg  1 

%  change  in  proliferation  rate 

mean 

95%  confidence  limit 

6 

665 

-43 

87 

7 

376 

-55 

199 

12 

-40 

14 

219 

16 

246 

-3 

160 

21 

-750 

-55 

190 

23 

-48 

-220 

105 

4 

924 

-76 

111 

5 

645 

-4 

191 

8 

832 

-194 

289 

9 

-752 

-55 

190 

16 

-  0.62* 

-46 

105 

21 

-90 

-4 

191 

26 

4.0* 

-99 

126 

33 

398 

17 

108 

56 

472 

58 

148 

107 

-38 

-43 

87 

21 

-55 

17 

108 

*  not  significant.  P  value  >-  0.5  (paired  t-test) 


TABLE  4 

Dependance  of  maximum  changes  in  proliferation  rate  on  exposure  time  and  RF  field  strength. 


Field  strength 

SAR  mW.kg  1 

Exposure  time  for 
maximum  change  in 
proliferation  rate 
min 

21 

40 

52 

20 

21 

30 

11 

20 

21 

30 
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In  conclusion  it  can  be  said  that  the  same  lineair  correlation  between  power  level,  exposure  time  and  growth 
change  was  not  as  clear  in  the  case  of  RF  exposure  as  it  is  for  ELF  exposure.  As  observed  also  by  others  the 
effects  registered  are  not  linear  over  the  whole  radiofrequency  field  density  spectrum.  This  can  be  related  to  the 
oscillatory  nature  of  cell  growth.  Apparently  the  interaction  of  microwave  radiation  with  cellular  oscillators 
contributes  more  to  these  effects  than  in  case  of  ELF  electromagnetic  fields. 

Summary 

We  have  studied  the  effects  of  ELF  and  RF  exposure  on  cell  growth  in  cell  tissue  cultures.  Our  experiments  were 
done  at  very  low  field  strength  and  in  case  of  RF  fields  corresponding  to  a  SAR  not  exceeding  2.1  mW.kg'1.  So 
the  changes  observed  can  be  considered  as  non-thermal  effects. 

In  case  of  exposure  to  ELF  we  can  see  one  specific  window  at  a  field  strength  of  40-50  pT. 

In  case  of  RF  exposure  the  picture  is  more  complicated:  there  are  several  windows  or  rather  maxima  and  minima 
dependant  not  only  on  fieldstrength,  but  also  on  exposure  times.  This  is  certainly  due  to  the  different  nature  of 
RF  radiation  and  also  the  modulating  frequencies.  It  has  been  shown  that  at  constant  frequencies  the  biological 
effects  are  much  less  or  even  absent. 

Longer  exposure  times  and  recording  periods  will  result  in  adaptation  and  this  might  be  the  reason  why  under 
different  experimental  conditions  no  changes  were  observed.  Due  to  the  process  of  adaptation  it  may  often  no 
longer  be  possible  to  measure  changes  in  cell  proliferation  when  repeated  exposures  or  and  much  longer 
exposure  times  are  applied.  It  is  known  that  under  these  conditions  increasing  Hsp  concentrations  are  required  to 
produce  the  effects  as  described  above.  So  the  Hsp  mechanism  is  certainly  also  responsible  for  the  resulting 
adaptation. 

It  is  clear  that  these  window  and  adaptation  effects  are  crucial  for  long-term  health  effects  of  RF  radiation  [5]  at 
non-thermal  level. 

In  the  thermal  range  these  effects  cannot  be  observed  [6],  This  is  another  reason  to  reconsider  the  present  safety 
standard,  which  only  applies  to  thermal  effects  of  RF  radiation. 
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Abstract 

A  magnetic  field  exposure  metering  system  has  been  developed  to  be  utilized  in  indoor  MV/LV  substation 
measurements.  The  metering  system  follows  the  guidelines  published  by  the  International  Commission  on  Non- 
Ionizing  Radiation  Protection  (ICNIRP)  and  the  EU  directive  of  2004  for  public  and  occupational  exposure.  It 
can  be  used  to  measure  magnetic  field  values,  total  harmonic  distortion  of  the  magnetic  field,  magnetic  field 
exposure  ratios  for  public  and  workers,  load  current  values  and  total  harmonic  distortion  of  the  load  current.  This 
paper  presents  the  developed  magnetic  field  exposure  metering  system,  quantities  to  be  measured  by  the  system 
and  exemplary  measurements. 

1.  Introduction 

Measurements  of  electric  and  magnetic  fields  in  living  and  working  environment  have  increased  because  the 
public  concern  on  the  fields  has  increased.  Due  to  their  possible  health  effects,  the  International  Commission  on 
Non-Ionizing  Radiation  Protection  (ICNIRP)  has  published  guidelines,  in  which  upper  limits  for  public  and 
occupational  exposures  have  been  presented  III.  Based  on  these  guidelines,  European  Parliament  and  Council 
have  adapted  a  Directive  on  minimum  health  and  safety  requirements  regarding  the  exposure  of  workers  to 
electromagnetic  fields  in  2004  121.  The  European  Parliament  and  Council  Directive  has  to  be  nationally 
implemented  in  2008.  In  Finland  and  in  several  other  EU  countries  the  legislation  for  occupational  exposure  to 
low  frequency  electric  and  magnetic  fields  is  still  missing.  In  addition  to  that  common  practices  and  standards 
have  to  be  created  for  everyday  measurements  and  estimation  of  magnetic  field  exposures. 

Table  1  presents  occupational  exposure  reference  levels  of  the  ICNIRP  guidelines  and  the  Directive.  The  limit 
for  allowed  public  exposure  to  50  Hz  magnetic  fields  is  100  pT  and  for  occupational  exposure  500  pT. 

Table  1.  Public  III  and  occupational  /l,  2/  magnetic  field  exposure  reference  values. 


Frequency, /(Hz) 

Public  allowed  magnetic 
flux  density,  B  (pT) 

Occupational  allowed 
magnetic  flux  density,  B 
(flT) 

Up  to  1 

4  x  104 

2  x  105 

1-8 

4 /'2  x  104 

2/'2x  105 

8-800 

5 /■'  x  103 

25 /■'  x  103 

800-820 

6.25 

25 /"‘  x  103 

(0.82-65)  x  103 

6.25 

30.7 

(0.065-0.15)  x  106 

6.25 

2  /"'  x  106 

(0.15-10)  x  106 

0.92 /■’  x  106 

2fl  x  io6 

(10-400)  x  106 

0.092 

0.2 

(0.4-2)  x  109 

4.6 /°'5  x  10'6 

10/°'5  x  10'6 

(2-300)  x  109 

0.2 

0.45 

In  2003  ICNIRP  expanded  their  guidelines  by  taking  into  account  the  harmonic  components  of  the  magnetic 
field  with  phase  angles  131.  This  statement  provides  accurate  guidelines,  in  practice,  to  estimate  the  magnetic 
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field  exposure  due  to  harmonic  components,  but  it  has  not  been  referenced  widely.  In  the  case  of  electricity 
transmission  and  distribution  only  frequencies  from  50  Hz  to  65  kHz  contribute  to  magnetic  field  exposure.  So 
far,  there  is  only  one  commercial  magnetic  field  exposure  meter,  which  is  able  to  consider  this  frequency  range 
including  the  phases  of  the  magnetic  field  components.  Measurement  method  utilized  in  that  meter  seems  to 
stands  up  to  a  close  examination.  However,  the  output  of  the  results  in  this  commercial  meter  is  inadequate  for 
advanced  measurements. 


Electromagnetic  fields  have  been  studied  at  the  Tampere  University  of  Technology  (TUT)  since  the  1980's.  In 
recent  years,  the  research  has  concentrated  on  evaluating  exposure  to  magnetic  fields.  Previously,  measurement 
system  at  TUT  was  based  on  commercial  magnetic  field  meters  and  power  quality  analyzers  /4/.  In  that  system, 
the  exposure  was  calculated  afterwards  enabling  advanced  magnetic  field  exposure  measurements  considering 
the  phases  of  the  harmonic  components.  However,  load  current  of  the  indoor  MV/LV  substation  and  magnetic 
field  were  measured  with  different  equipments,  thus  not  exactly  simultaneous.  There  was  a  clear  need  for  an 
improved  measurement  system  providing  directly  simultaneous  measurements  of  all  physical  quantities  of 
interest.  In  this  paper  we  will  describe  a  magnetic  field  exposure  metering  system  utilized  in  indoor  MV/LV 
substation  measurements  meeting  these  requirements. 


2.  Measurement  methods 

In  addition  to  magnetic  field  exposure  measurements,  the  system  measures  synchronously  load  currents.  The 
measurement  system  saves  magnetic  field  values,  total  harmonic  distortion  of  the  magnetic  field,  magnetic  field 
exposure  ratios  for  public  and  workers,  load  current  values  and  total  harmonic  distortion  of  the  load  current. 


A  conservative  estimate  of  the  cumulative  magnetic  field  K’  normalized  to  the  measured  50  Hz  magnetic  field 
value  Bi  is  calculated  according  to  the  ICNIRP  guidelines  III  by 


16  D  1300  D 

iu=i  + Y/fc^  + Yi6^- 

D  t—t  D 

k=2  D  i  £=17  D, 


(1) 


where  k  is  the  index  of  harmonic  frequency  and  Bk  is  the  measured  magnetic  field  of  the  harmonic  component  k 
151.  According  to  the  ICNIRP  guidelines  the  magnetic  field  exposure  ratio  R  ’  is 

R'=  (2) 

BL.  1 

where  BL  l  is  the  50  Hz  magnetic  field  reference  level.  The  allowed  upper  limit  for  the  magnetic  field  exposure 
ratio  R’  is  1 .  The  method  presented  in  equations  1  and  2  has  been  shown  to  overestimate  the  exposure  ratio  close 
to  50%  in  indoor  distribution  substation  by  /4/. 


According  to  the  ICNIRP  statement  III  and  the  anticipated  implementation  of  the  EU  Directive  121  the  maximum 
cumulative  magnetic  field  K  normalized  to  the  50  Hz  magnetic  field  component  //,  can  be  obtained  as  the 
maximum  value  of  the  sum  of  harmonic  components  inside  a  cycle  time  of  20  ms  as  follows 


16  1300 

K  =  \l  +  X^cos  (ko)xT  +  cpk+  <t>k)+  ^16-Acos(£®,r  +  (pk  +  <t>k) 

k=2  A  A-  =  17  A 


(3) 


where  co /  is  2nfh  <pk  is  the  phase  angle  of  Bk,  c/)k  is  the  biological  correction  angle  at  frequency  £x//  , /,  is 
fundamental  frequency  of  50  Hz.  Further,  the  magnetic  field  exposure  ratio  R  is 


R  = 


A 

B, . 


K. 


(4) 


The  calculation  procedure  of  equations  3  and  4  was  presented  by  /6/  and  also  by  / 3/  and  111.  The  calculation 
procedure  of  the  magnetic  field  exposure  ratio  based  on  equations  3  and  4  was  earlier  used  to  study  the  validity 
of  the  method  based  on  equations  1  and  2  in  indoor  distribution  substation  environment  by  /4/. 


The  maximum  cumulative  magnetic  field  K  of  equation  3  can  be  presented  in  a  more  general  form  as  a  function 
of  time  t  for  long  term  measurements  as  follows 


K(f)= 


A  f  bM)  r 

77YcosK  +  A 
M^J\  B\t ) 


(t)  +  (/>f  H 


SO  kHz  D  (A  r 

Y16AtCos®z-  +  ^, 

^  B^t)  L 


f  >800//z 


(5) 


This  approach,  in  principle,  is  a  continuous  integration  of  the  magnetic  field  spectrum  corresponding  closely  to 
the  weighted  peak  approach  / 3,  6/.  In  the  weighted  peak  approach  the  waveform  is  weighted  with  a  simple  high- 
pass  filter  with  a  3  dB  cut-off  frequency  at  800  Hz.  This  approach  has  been  used  in  the  measurements  of  this 
paper.  However,  one  must  note  that  a  discrete  summation  of  equation  3  is  quite  adequate  for  power  engineering 
applications  and  takes  into  account  all  essential  frequencies. 
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3.  Meters 

In  the  measurements  a  3 -axial  EnviroMentor  BMM-3000  magnetic  field  meter  (accuracy  ±5%,  RMS)  was  used. 
Measured  signal  was  further  processed  and  stored  with  data  acquisition  system  Nl-DAQPad-6015  by  National 
Instruments.  Measurement  program  is  named  as  Keikko6  and  created  with  LabView  7.1.  Fig.  1  presents  an 
exemplary  screen  from  a  magnetic  field  measurement. 


Figure  1.  Output  screen  of  the  magnetic  flux  density  and  load  current  meter  with  exemplary  measurement 
results. 


The  developed  metering  system  saves  magnetic  field  values,  total  harmonic  distortion  (THD)  of  the  magnetic 
field,  magnetic  field  exposure  ratios  for  public  and  workers,  load  current  values  and  total  harmonic  distortion  of 
the  load  current.  Magnetic  field  values  BA,  B_B,  and  B_C  in  Fig.  1  are  RMS  components  of  the  orthogonal 
magnetic  flux  density  values  B„  Bm  and  Bz.  Also  their  resultant  value  and  the  resultant  50  Hz  value  are  shown. 
Total  harmonic  distortion  of  the  magnetic  field  B THD  is  calculated,  as  follows 


I  IX 


B 


THD 


IX 


(6) 


ij  D=x,y,z 

where  D  is  the  index  of  the  orthogonal  magnetic  field  component.  Further,  the  cumulative  magnetic  field  K 
normalized  to  50  Hz,  and  public  and  occupational  magnetic  field  exposures  are  saved  as  well. 


In  addition,  elliptic  polarization  of  the  magnetic  flux  density  is  measured.  Ellipsoid  based  on  maximum  and 
minimum  magnetic  field  values  during  five  50  Hz  cycles  presents  the  polarization  grade  of  the  vibration. 


Load  current  values  I  RMS  are  RMS  values  for  the  three  phase  currents  Iu,  h.2  and  I/j  and  the  combined 
protective  earth  and  neutral  conductor  current  IPEN.  Mean  current  is  the  average  value  of  the  three  phase  currents. 
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Mean  total  harmonic  distortion  of  the  load  current  ImD.Mean  ( I  THD  in  Fig.  1)  is  determined  and  calculated  from 
the  load  currents  of  the  phases,  as  follows 


2X 

Z 

-Ll.L2.L3  *  .  , 


(7) 


where  L  is  the  index  of  phases. 


4.  Measurement  set-up 

Magnetic  field  and  load  current  measurements  were  performed  inside  12  indoor  MV/LV  substations.  Fig.  2 
presents  a  photo  of  an  indoor  distribution  substation,  its  surroundings  and  the  measurement  set-up  in  one  typical 
substation  structure  having  the  LV  connection  near  the  ceiling.  The  magnetic  field  measurement  point  nearby  the 
LV  connections  was  determined  by  considering  public  exposure  in  the  residence  above  an  indoor  distribution 
substation.  The  structure  of  the  substation  and  the  building  was  examined  before  each  measurement. 


Figure  2. 


Low  voltage 
switchgear 


Transformer 
20/0.4  kV 
500  kVA 

I  Magnetic  ' 
▼  field  sensor 
EnviroMentor 
BMM-3000 


Measurement  set-up  in  a  typical  indoor  distribution  substation  having  the  LV  connection  near  the 
ceiling.  Dimension  a  is  the  thickness  of  the  ceiling  and  dimension  b  is  the  distance  between  the  LV 
connection  and  the  ceiling.  74/ 


in  cases,  where  the  LV  connection  was  not  close  to  the  ceiling,  the  magnetic  field  sensor  was  located  in  the 
ceiling  of  the  substation  above  the  LV  connection  or  above  the  expected  highest  magnetic  field  source,  if 
possible.  Fig.  3  presents  a  typical  measurement  set-up,  where  the  LV  connection  goes  on  the  floor  level.  Low 
voltage  switchgear  can  be  seen  in  left-hand  photo. 


Figure  3.  Photos  of  a  measurement  set-up  in  an  indoor  MV/LV  distribution  substation,  where  LV  connection  is 
located  on  the  floor  level. 
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Right-hand  photo  presents  the  MV/LV  transformer.  Meters  and  other  measurement  equipment  are  on  the  floor  of 
the  substation.  What  comes  to  the  public  exposure  on  magnetic  fields  in  the  residence  above  the  substation,  the 
space  above  the  transformer  is  the  interesting  area  to  be  measured.  This  area  is  rounded  in  the  right-hand  photo 
in  Fig.  3  and  is  considered  in  this  paper. 

5.  Measured  magnetic  field  waveform  exposures 

Different  types  of  indoor  distribution  substation  structures  were  selected  for  measurements  to  obtain  an  overall 
picture  on  the  public  magnetic  field  exposure.  Measurements  were  carried  out  during  the  spring  2006.  Loads 
were  apartment  houses,  office  buildings  or  school  buildings.  The  loads  of  the  distribution  substations  were 
mostly  heat  loads,  fluorescent  and  tungsten  lamps,  computers,  and  other  electronic  devices.  These  loads  cause 
harmonics  in  the  load  current  that  increase  the  total  magnetic  field  in  the  substation  and  decrease  the  allowed 
reference  value  of  the  50  Hz  magnetic  field  component.  Measured  locations  and  periods  are  presented  in  Table  2, 
where  Imax  is  the  highest  15  minutes  average  load  current  during  the  previous  year  and  IRated  is  the  rated  load 
current. 

Table  2.  Measured  indoor  distribution  substations  in  spring  2006. 


V  i  ■  n  c  fi  ah  

Transformer 

LV  connection  structure 

Measurement  period 

Imax  (A) 

1 Rated  (A) 

(h:min) 

A 

1000 

1155 

Cables  near  ceiling 

21:35 

B 

1100 

1155 

Cables  in  floor 

18:28 

C 

350 

722 

Cables  near  ceiling1 

Period  1:  69:57 
Period  2:  28:55§ 

D 

650 

1443 

Bus  bars  near  ceiling 

22:19 

E 

560 

722 

Cables  near  ceiling 

18:08 

F 

730 

722 

Cables  near  ceiling 

117:11 

G 

500 

722 

Cables  in  floor 

21:55 

H 

Tl:  500 

T2:  300 

Tl:  722 

T2:  433 

Cables  near  ceiling 

44:56 

I 

Tl:  440 

T2:  290 

Tl:  722 

T2:  433 

Cables  near  ceiling 

73:18 

J 

450 

722 

Cables  in  floor 

18:39 

K 

Tl:  350 

T2:  750 

Tl:  1155 

T2:  722 

Cables  near  ceiling 

21:29 

L 

560 

722 

Bus  bars  near  ceiling 

66:34 

1  special  structure:  two  x  tree  phase  cables 

5  measured  in  two  periods  and  two  locations,  period  1  near  LV  switchgear  and  period  2  near  transformer 

Magnetic  fields  were  measured  during  1  to  5  day  periods.  Transformers  in  substations  B,  F  and  K  were  near  their 
capacity  limits.  The  other  substations  were  clearly  within  the  capacity  of  their  transformers.  More  detailed  results 
are  presented  for  substation  A  to  describe  the  advantages  of  our  metering  system.  Long  periods  can  be  measured 
to  consider  varying  load  situations  when  metering  exposure  to  magnetic  field.  Due  to  data  handling  purposes 
long  measurements  can  be  saved  automatically  to  several  files.  We  used  a  measurement  interval  of  1  s  and  saved 
30  000  measurements  in  one  output  file  i.e.  a  measurement  of  8  hours  and  20  minutes.  In  the  following  we 
present  a  set  of  measurements  done  during  the  first  metering  lot  for  substation  A  to  demonstrate  our  metering 
systems.  This  substation  has  the  same  type  of  structure  as  in  Fig.  2. 

Fig.  4  presents  50  Hz  magnetic  field  component  and  public  exposure  ratio  during  the  first  metering  lot  for 
substation  A.  The  public  exposure  ratio  correlates,  on  the  average,  well  with  the  fundamental  magnetic  field 
component,  which  is  in  accordance  with  small  variations  of  K(t)  as  a  function  of  time  being  close  to  2  (Fig.  5). 
Thus,  according  to  equation  4,  the  public  exposure  ratio  has  to  be  multiplied  by  a  factor  of  50  pT  to  obtain  the  50 
Hz  magnetic  field  component  in  Fig.  4.  This  simply  means,  that  the  total  magnetic  field  exposure  including  the 
harmonic  components  is,  in  practice,  two  times  the  exposure  due  to  the  fundament  frequency. 
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Figure  4.  Measured  50  Hz  magnetic  field  component  and  the  public  exposure  ratio  in  substation  A. 

Candidates  to  explain  varying  K(t)  are  the  total  harmonic  value  for  the  magnetic  field  and  the  relative  load 
current  defined  as  load  current  divided  by  the  rated  current  of  the  transformer  (1155  A  for  substation  A),  which 
are  presented  in  Fig.  5.  There  seems  to  be  a  slight  negative  correlation  between  the  cumulative  magnetic  field 
normalized  to  50  Hz  and  the  relative  load  current  in  agreement  with  earlier  observations  /4/.  The  same  negative 
correlation  exists  also  between  BTHD  and  the  relative  load  current.  A  strong  positive  correlation  is  seen  between 
K(t)  and  BTHD,  as  expected. 


Time 


K  Bthd  . Relative  load 


Figure  5.  Measured  K(t),  BTHD  and  relative  load  current  as  a  function  of  time  for  substation  A. 

Based  on  Fig.  5  the  correlation  between  K(t)  and  Brim  is  clear.  The  shapes  of  the  curves  seem  to  be  almost 
similar  having  only  minor  differences.  Further,  based  on  /4/  load  current  and  magnetic  field  harmonics  had 
correlation.  The  same  was  tested  for  substation  A  in  Fig.  6.  Correlation  between  the  load  current  and  the 
magnetic  field  total  harmonic  distortions  is  clear  also  in  these  measurements. 
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Figure  6.  Load  current  and  magnetic  field  harmonics  for  substation  A. 

The  coefficient  between  ITHD  and  BTHD  is  close  to  3  in  this  measurement.  This  coefficient  is  the  same  than  in  /4/, 
although  the  determination  of  the  total  harmonic  distortion  values  differs.  Previously  the  values  were  determined 
based  on  the  highest  load  current  and  highest  magnetic  field  component.  The  more  advanced  determinations  in 
this  paper  were  presented  in  equations  6  and  7. 

Summary  of  the  results  for  all  measurement  periods  is  presented  in  Table  3,  where  Iioad  is  the  highest  load 
current,  Bperiod  is  the  highest  magnetic  field  and  R period  is  the  highest  magnetic  field  public  exposure  ratio  during 
the  measurement  period.  Significance  of  the  measurement  result  is  determined  based  on  congruence  between  the 
measured  location  and  the  possible  public  exposure  so  that  **  means  a  significant  result  and  *  means  a  indicative 
result.  R,nax  is  the  highest  magnetic  field  public  exposure  ratio  during  the  measurement  period  scaled  to  the  rated 
load  current. 

Table  3.  Key  results  for  the  measurement  periods. 


Substation 

Significance 

I load  (^) 

^period  (^) 

Bperiod  (%) 

*„„(%) 

A 

** 

633 

32.7 

0.73 

1.33 

B 

* 

851 

120.8 

1.57 

2.13 

C 

** 

Period  1 :  326 

Period  1:  7.90 

Period  1:  0.17 

Period  1:  0.37 

* 

Period  2:  279 

Period  2:  41.6 

Period  2:  0.90 

Period  2:  2.32 

D 

** 

688 

44.3 

0.71 

1.49 

E 

** 

349 

26.7 

1.37 

2.83 

F 

** 

478 

51.4 

0.82 

1.24 

G 

* 

378 

7.40 

0.27 

0.51 

H 

** 

454 

75.4 

1.37 

2.18 

I 

** 

352 

13.1 

0.20 

0.42 

J 

* 

343 

27.5 

0.41 

0.86 

K 

** 

567 

12.1 

0.33 

0.67 

L 

** 

445 

75.6 

1.73 

2.81 

Significance  is  valuated  based  on  the  structure  of  the  indoor  MV/LV  substation.  For  bus  bars  or  cables  near  the 
ceiling  the  location  of  the  magnetic  field  sensor  corresponds  to  the  floor  of  the  space  above  the  substation.  If  the 
sensor  is  located  in  the  ceiling  of  the  substation,  the  results  of  the  measurement  periods  are  indicative.  In  the 
Table  3  the  public  exposure  ratio  during  the  measurement  period  exceeded  value  one  in  3  out  of  9  significant 
measurement  periods.  When  the  exposure  ratio  is  scaled  with  the  rated  load  current  the  value  one  is  exceeded  in 
6  out  of  9  significant  measurement  periods.  The  exposure  ratios  exceeded  one  in  1  and  2  out  of  4  indicative 
measurement  periods,  respectively. 
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6.  Summary 

Magnetic  field  exposures  are  presented  considering  harmonics  for  the  case  of  12  indoor  MV/LV  distribution 
substations.  Based  on  the  measurements,  the  public  exposure  often  exceeded  the  reference  value  in  rooms  above 
indoor  distribution  substations.  Further,  this  means  that  indoor  distribution  substations  can  cause  public 
exposure.  Another  relevant  question  is  do  the  structures  of  the  present  indoor  MV/LV  distribution  substations 
produce  too  high  magnetic  fields  considering  the  EU  Directive  121,  which  will  be  nationally  implemented  within 
the  EU  by  2008. 

In  this  paper,  magnetic  fields  were  measured  with  a  new  and  advance  metering  system.  All  important  magnetic 
field  and  load  current  values  were  measured  with  a  simultaneous  measurement.  This  new  metering  system  gave 
relevant  results  and  made  further  analyses  possible.  Previous  measurements  and  references  supported  results  and 
analysis  made  with  the  new  metering  system.  Furthermore,  magnetic  fields  can  cause  disturbances  in 
measurement  or  control  systems  and  in  electrical  devices,  and  that  is  another  possible  use  of  this  new  metering 
system. 

Based  on  the  measurements  of  substation  A,  the  load  current  is  the  primary  cause  for  the  magnetic  field  level. 
Fig.  7  presents  the  measured  magnetic  field  generation  defined  as  magnetic  field  divided  by  the  load  current  for 
substation  A. 

7  1 


3  -I - T - T - T - T - 
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Time 

Figure  7.  Measured  magnetic  field  generation  in  substation  A. 

A  generally  accepted  basic  approximation  is  that  the  magnetic  field  is  considered  to  be  directly  proportional  to 
the  load  current.  This  seems  to  be  roughly  true  for  substation  A.  The  average  value  for  the  magnetic  field 
generation  in  Fig.  7  is  around  5  p.T/100  A.  Flowever,  it  varies  most  of  the  time  between  4  and  6  p.T/100  A. 
Because  the  curve  in  Fig.  7  is  not  linear,  the  phase  angle  differences  of  the  currents  have  important  role  when 
estimating  magnetic  fields. 

The  structural  differences  between  indoor  distribution  substations  will  have  a  significant  impact  on  magnetic 
fields.  Therefore,  to  create  general  magnetic  field  exposure  estimates,  a  wider  range  of  grouped  structures  of  the 
indoor  MV/LV  distribution  substations  and  with  grouped  load  parameters  should  be  analyzed. 
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Abstract 

In  addition  to  present  popular  ‘in  situ’  EMF-measurements  performed  at  critical  locations  like  schools,  hospitals 
or  in  front  of  base  stations  for  one-time,  long-term  evaluations  of  RF-fields  become  more  and  more  essential. 
This  is  especially  because  of  the  continuously  increasing  number  of  new  applied  technologies  and  even  more 
emitting  base  stations.  To  perform  such  long-term  investigation,  fully  automatic,  stand  alone  EMF-monitoring 
stations  are  suited  very  well.  Typically,  several  of  such  stations  are  connected  to  one  environmental  network, 
fully  remote  controlled  by  one  server.  To  yield  maximum  of  information,  each  station  is  continuously  in 
operation,  performing  frequency  selective  measurements  and  generating  an  enormous  amount  of  measurement 
data.  The  data  communication  often  represents  the  bottleneck  of  such  systems  and  therefore  the  reduction  of 
these  data  becomes  very  essential.  By  implementing  an  intelligent  algorithm  for  data  reduction  directly  on  the 
measurement  station  this  problem  could  be  reduced.  Therefore  we  will  provide  in  this  paper  a  methodology 
suited  for  a  considerable  reduction  of  noise  points  without  loosing  any  relevant  signal  information.  The  specific 
nature  of  this  algorithm  and  his  efficiency  in  data  reduction  will  be  discussed  and  explained,  including  how  it 
works  and  what  parameters  are  needed.  The  results  which  can  be  achieved  with  this  technique  are  demonstrated 
with  the  existing  monitoring  system  ‘Field  Nose’  from  ARC  Seibersdorf  research. 


I.  Introduction 

Today  more  than  1  billion  people  are  using  mobile  telephones  world-wide,  about  360  million  people  of  them  in 
Europe.  Such  wide  use  of  this  technology  led  to  an  increase  in  the  environmental  exposures  to  RF-fields  and  the 
introduction  of  new,  additional  technologies  has  intensified  this  process. 

In  the  meantime  most  countries  have  national  laws,  regulations,  guidelines  or  standards  and  more  or  less 
accurate  defined  measurement  procedures  and  protocols  how  to  handle  RF-exposure.  The  ICNIRP  guidelines  [1] 
are  used  as  reference  in  most  European  countries.  However,  many  countries  apply  more  restrictive  limits,  e.g. 
Switzerland  and  Italy  [2],  Independent  of  the  absolute  values  of  limits,  different  measurement  procedures  are 
used  in  different  countries.  In  general,  the  limit  are  frequency  dependent  and  given  over  a  wide  frequency  range. 
There  are  different  concepts  regarding  the  kind  of  exposed  people  and  the  considered  areas,  i.e.  general  public 
versus  workers  or  controlled  versus  uncontrolled  areas.  For  EMF-exposure  evaluation,  the  contributions  of  all 
relevant  RF-emitters  for  the  whole  body  have  to  be  investigated,  considering  individual  signal  form,  frequency 
range,  bandwidth,  polarisation,  direction  and  deviation  over  time.  This  leads  to  a  lot  of  essential  requirements  for 
EMF  measurement  systems  and  especially  also  for  the  data  evaluation  procedures  of  such  equipment.  Another 
need  for  adequate  measurement  and  evaluation  techniques  is  the  demand  for  epidemiological  studies  on  the 
potential  health  effects  caused  by  the  numerous  RF-emitters.  In  the  frame  of  an  international  project  the 
feasibility  of  epidemiological  studies  on  potential  health  effects  arising  due  to  the  exposure  from  mobile 
telephone  base  stations  was  jointly  assessed  by  a  team  of  RF  experts  and  epidemiologists.  A  major  outcome  of 
this  study  was  the  need  for  reliable  exposure  assessment  procedures  [3].  Frequency  selective,  monitoring 
exposure  assessment  equipment  is  one  of  the  best  suited  approaches  to  assess  exposure  in  a  reliable  way.  Also 
one  COST  281  program  activities  are  focusing  at  that  topic. 


II.  EMF  Measurement  Systems 

One  of  the  most  important  requirements  for  EMF-measurement  systems  for  exposure  evaluation  is  an  isotropic 
(receiving)  radiation  characteristic  over  the  whole  frequency  range  to  add  all  contributes  of  different  RF-emitters 
(technologies)  in  the  same  way,  independent  of  their  distance  and  direction  in  relation  to  the  measurement  point 
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and  their  polarisation.  Further  the  sensitivity  of  the  measurement  systems  have  to  be  high  enough  to  measure 
very  small  signals  of  modern  communication  technologies  of  a  few  mV/m  as  well  as  the  dynamic  range  has  to  be 
large  enough  to  consider  signals  close  to  the  limit  level,  which  is  typical  at  4  V/m  to  60  V/m.  Of  course 
measurements  have  to  consider  the  effective  field  strength  or  power  flux  density  independent  on  the  kind  of 
signal  or  technology  (e.g.  modulation,  pulsing  or  frequency  hopping)  and  they  should  be  fast,  easy  to  handle, 
accurate  and  reliable.  The  instalments  should  be  small,  low  cost,  easily  to  operate  and  the  requirement  to  enable 
long-term  evaluation  is  essential  for  RF-dosimetry.  Currently  three  different  technical  solutions  are  on  the 
market  to  perform  EMF  measurements  and  each  one  has  its  individual  assets  and  drawbacks  in  relation  to  the 
requirements  mentioned  above. 

First  there  are  the  well  known  wideband  field  probes.  They  are  low  priced,  easy  to  handle,  have  a  wide 
frequency  range  typically  from  100  kHz  to  3  GHz,  good  isotropic  characteristic  and  they  are  popular  also  for 
other  kind  of  measurements  e.g.  for  classical  EMC.  Some  types  also  enable  to  select  some  frequency  dependent 
limits  and  return  the  result  in  percentage  of  that  limit.  Unfortunately  this  is  a  global  result  without  any 
information  of  the  relative  contribution  of  the  considered  transmitters.  Also  the  sensitivity  is  limited  at  about 
0.1  V/m.  Therefore  field  probes  are  popular  and  well  suited  for  preliminary  measurements,  e.g.  to  decide  if  and 
at  what  position  frequency  selective  measurements  should  be  performed. 

A  second  group  is  represented  by  so  called  transmitter-selective  or  narrowband  instalments.  With  these 
instalments,  which  are  relatively  new  on  the  market,  fixed  or  user  definable  frequency  bands  corresponding  with 
the  bands  of  transmitter-technologies  are  measured.  Each  narrowband  is  evaluated  separately  but  of  course  there 
is,  similar  to  field  probes,  no  possibility  to  get  any  information  about  signal  intensity  within  a  band  e.g.  any 
differences  in  channels  or  for  competitive  providers.  Depending  on  the  system,  data  acquisition  in  the  time 
domain  is  very  flexible,  from  milliseconds  to  minutes  for  long-term  evaluations.  Typically  7  to  15  narrow-bands 
are  measured  together  at  each  time  cycle  and  therefore  the  resulting  data  amount  is  relatively  easy  to  handle. 
Some  systems  are  small  enough  to  carry  them  on  the  body  or  in  a  aicksack  and  use  these  instruments  for  ‘live 
time’  RF-dosimetry  during  the  whole  day  or  to  evaluate  typical  exposure  at  a  working  place.  Typical  limitations 
of  those  systems  are  given  if  signals  occur  out  of  the  predefined  narrow-bands  because  they  were  totally  ignored. 
Another  problem  is  caused  by  crosstalk  of  bands  close  together  which  is  often  used  for  up-  and  downlink  of  one 
technology,  but  could  also  affect  different  technologies,  if  their  frequency  bands  are  proximate  to  each  other. 
Increasing  the  number  of  RF-technologies  or  even  the  number  of  bands  which  should  be  evaluated  will  increase 
that  crosstalk  problematic.  The  sensitivity  of  the  systems  is  typically  given  at  the  data-sheets  with  10  to 
50  mV/m,  which  is  suitable  for  most  applications.  Unfortunately  the  isotropic  behaviour  and  measurement 
uncertainty  are  often  not  clearly  specified  especially  if  these  data  are  needed  for  the  individual  bands. 

The  third  group  of  systems  is  a  more  or  less  traditional  method  using  a  wideband  antenna  or  field  sensor  in 
combination  with  a  frequency  selective  measurement  instalment  like  a  spectaim  analyser.  Due  to  the  fact  that  no 
antenna  has  an  isotropic  radiation  characteristic  by  itself,  one  solution  consists  in  the  addition  of  the 
contributions  of  three  measurements  of  an  antenna  with  a  dipole  like  radiation  pattern  to  yield  an  isotropic 
receiving  characteristics  for  the  system.  ARC  Seibersdorf  research  developed  small  RF-antennas  with  a  dipole 
like  radiation  pattern  and  established  the  so-called  ‘Add3D  Method’  [2]  in  2002.  An  automatic  positioner  can  be 
used  to  realize  the  three  orthogonal  antenna  orientations.  Figure  2  is  showing  a  schematic  drawing  of  the  ARC 
Seibersdorf  research  system  ‘Field  Nose  Complete’  and  a  picture  of  the  real  system  (see  also  at 
http://www.seibersdorf-rf.com).  This  EMF-measuring  and  monitoring  system  is  fully  remote  controlled  by  the 
software  ‘Nose’,  and  enables  the  user  to  perform  automatic  measurements  as  well  as  many  data  evaluation 
procedures.  The  following  examples  and  evaluations  of  that  publication  are  based  on  this  system. 

Other  manufacturers  offer  systems  based  on  three  small  sensors  with  dipole  characteristic  and  switch  between 
them  or  combine  them  by  an  electrical  network.  In  those  cases  there  is  the  challenge  to  get  an  acceptable 
isotropic  radiation  pattern  of  the  system  because  the  three  sensors  interfere  with  each  other.  On  the  other  hand 
such  systems  are  faster,  because  they  need  no  time  to  rotate  the  receiving  antenna. 

All  these  systems  based  on  frequency  selective  spectaim  analyser  measurements  enable  individual  RBW- 
settings,  rms-,  peek-  or  average  signal  detection,  max-hold  trace  functionality,  very  high  dynamic  range  and  best 
sensitivity  (low  noise  level)  caused  by  the  performance  of  state  of  the  art  spectrum  analysers.  The  measurement 
time  for  a  frequency  scan  is  different  and  mainly  depending  on  the  trace  speed,  the  analyser  settings,  the  number 
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Figure  2:  EMF-monitoring  system  Field  Nose  Complete  (schema  and  picture) 

of  repetitions  and  the  sensor  type.  Measurement  cycles  of  a  scan  from  e.g.  80  MFlz  to  2.5  GFlz  can  be  done 
within  a  minute  or  less.  With  these  frequency  selective  measurements  most  information  is  generated  and 
available  for  evaluation  on  the  one  hand.  On  the  other  hand  especially  that  large  amount  of  data  can  make 
problems.  One  possible  way  of  the  challenging  task  to  reduce  the  amount  of  data  without  any  loss  of  relevant 
information  is  presented  in  the  next  chapters. 


III.  Evaluation  problematic  of  frequency  selective  systems 

Figure  3  is  showing  a  measurement  trace  and  the  corresponding  data  evaluation  of  a  frequency  selective, 
wideband  EMF-measurement  performed  in  the  centre  Vienna.  Radio  and  TV  signals  as  well  as  the  typical 
downlink  signals  of  mobile  phone  technologies  (GSM  900,  DCS  1800  and  UMTS)  can  be  seen.  The  frequency 
bands  of  those  technologies  are  marked  by  coloured,  vertical  areas  corresponding  to  technology  bands  as 
common  for  band-selective  data  evaluation.  The  measurement  was  done  from  80  MFlz  up  to  2.5  GFlz  using  a 
Field  Nose  system  with  a  PCD8250  antenna,  a  5  m  long  RF-cable  and  an  Anritsu  MS  271  ID  spectrum  analyser. 


Measurement  Data 
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Figure  3:  Frequency  selective  EMF-wideband  measurement  trace  (overview  measurement)  from  Vienna 
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The  characteristic  ‘bathtub’  noise  floor  for  this  frequency  selective,  wideband  measurement  trace  can  be  seen 
very  clearly  because  of  the  logarithmic  scaling  of  the  field  strength  axis.  It  is  caused  by  the  noise  floor  of  the 
spectrum  analyser  itself  (primary  depending  on  its  RBW  setting,  internal  attenuator  setting  or  an  activated 
preamplifier),  the  cable-  and  connector  losses  and  the  antenna  factor  of  the  used  PCD-antenna.  Also  caused  by 
the  logarithmic  scaling  and  the  high  sensitivity  of  the  system,  the  small  signals  from  radio  and  TV-stations  and 
less  strong  mobile  technology  signals  with  a  few  mV/m  can  be  detected  well.  For  the  measurements  from 
80  MHz  to  1  GHz  and  from  1.8  GHz  to  2.5  GHz  a  RBW-setting  of  100  kHz  was  used  to  get  a  good  frequency 
resolution  of  the  measured  technologies.  Between  those  bands  we  do  not  expect  any  signals.  Therefore  the  RBW 
at  that  frequency  range  was  set  to  1  MHz  to  save  time  for  the  frequency  scans  and  to  reduce  the  number  of 
measurement  points  too.  The  higher  noise  floor  does  not  disturb  in  that  case  because  of  the  lack  of  public 
communication  technologies  in  that  range. 

Caused  by  the  selected  RBW-settings  with  100  kHz  respectively  1  MHz  and  the  wide  frequency  range,  17.000 
measurement  points  are  needed  for  the  one  single  scan  according  to  Figure  3.  For  example  if  one  scan  should  be 
performed  each  5  minutes  during  one  day,  288  scans  respectively  nearby  5  million  measurement  points  are 
needed.  To  save  that  data  including  measurement  information  like  settings,  used  antenna  and  cable  factors,  time 
and  date,  the  Field  Nose  system  needs  approximately  15  MByte  of  memory,  if  the  data  was  stored  in  a  binary 
format.  Even  up-to-date  computers  need  considerable  time  (from  a  few  seconds  to  minutes)  to  process  such  big 
amount  of  data,  e.g.  to  print  them  on  screen,  perform  any  data  calculations,  load  and  save  them  or  to  send  them 
to  a  host  system  computer  in  case  of  a  monitoring  system  consisting  of  several  measurement  stations.  In  practice 
measurement  may  differ  to  that  example,  but  still  a  huge  amount  of  data  could  be  produced  and  the  resulting 
time  delay  for  data  processing  will  not  be  accepted  by  the  user.  This  would  limit  the  application  of  frequency 
selective  systems  for  long-term  evaluation  in  a  considerable  way. 


IV.  Algorithm  for  noise-data  reduction 

Having  a  look  to  Figure  3,  it  can  be  seen  that  most  of  the  measurement  points  are  representing  noise.  The  only 
important  information  of  this  noise  floor  is  that  all  signals  below  that  level  could  not  be  detected  by  the 
measurement  system  and  not  considered  for  any  evaluation.  On  the  other  hand  if  the  level  of  noise  is  deep 
enough,  the  signals  below  that  do  not  affect  the  evaluation  results  in  a  significant  way.  This  fact  is  the  starting 
point  to  overcome  the  problem  of  extremely  large  amount  of  data  for  frequency  selective  measurements.  Based 
on  an  effective  signal  detection  method  it  should  be  possible  to  divide  the  signals  from  noise  sequences  and 
reduce  or  eliminate  the  noise  data.  Of  course  the  efficiency  of  that  process  depends  on  the  relation  of  signal  and 
noise  parts  in  a  measurement  scan  but  especially  for  wideband  measurements  it  should  reduce  the  number  of  data 
points  in  a  considerable  way  and  help  to  speed  up  the  systems. 

The  simplest  solution  segmenting  noise  and  signals  is  a  user  defined  threshold  line  near  above  the  noise.  All 
values  above  that  threshold  will  be  accepted  as  signals.  Unfortunately  this  works  only  for  small  frequency  ranges 
because  for  wideband  measurements  the  noise  floor  usually  is  frequency  dependent  and  there  is  the  question 
where  to  set  the  threshold  limit.  Another  method  is  to  select  the  largest  signals  by  a  peak  detection  algorithm. 
There  of  course  is  always  the  question  of  a  proper  predefinition  of  the  number  of  relevant  peaks  as  well  as  the 
problem  that  the  highest  signals  not  necessary  are  the  one  with  most  of  energy  because  of  different  bandwidths. 
Approaches  like  they  are  typical  in  the  noise  reduction  of  sound  signals  were  not  applicable  because  of  the  fact 
that  EMF  signals  sometimes  look  like  noise  to  them.  Other  approaches  which  are  used  in  image  processing  are 
not  really  applicable  too. 

Therefore  we  developed  a  specific  algorithm  for  signal  detection  considering  the  unique  requirements  in  the  area 
of  EMF  signal  processing.  The  processing  of  the  data  can  be  applied  to  measured  data  that  is  already  available, 
but  the  main  intention  was  to  perform  the  reduction  during  measurements  on  the  embedded  system  of  the  Field 
Nose  Complete  system.  Therefore  the  reduction  algorithm  works  completely  automatically  but  it  is  also  possible 
to  set  some  parameters  manually  to  improve  the  results  for  certain  measurements.  The  noise  data  can  be  reduced 
so  that  the  noise  floor  is  still  present  or  it  is  possible  to  remove  the  noise  data  completely.  Signals  are  not 
affected  by  the  algorithm  in  any  way. 

The  noise  data  reduction  algorithm  itself  works  in  the  way  that  first  the  noise  floor  is  detected  and  segmented 
from  the  signals.  The  next  step  is  to  calculate  the  new  reduced  noise  floor  with  less  data  points  and  finally  this 
new  noise  floor  is  merged  with  the  original  signal  data.  The  most  difficult  part  was  to  find  a  way  how  to 
distinguish  very  efficient  between  the  noise  floor  and  the  signals  because  sometimes  signals  share  many 
characteristics  with  the  noise.  For  that  purpose  an  upper  and  a  lower  envelope  of  the  noise  are  calculated  by 
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using  a  ‘Noise  Height’  factor  in  dB.  Based  on  this  predefined  noise-amplitude  factor  the  decision  is  derived  if  the 
measured  points  are  noise  or  not.  If  a  Gaussian  distribution  function  is  assumed  for  the  noise,  this  factor  should 
be  2  sigma  of  the  noise  amplitude  to  catch  approximately  99  %  of  noise  by  the  envelope  curves.  For  that  process 
it  is  essential  to  consider  not  only  the  difference  between  adjacent  measurement  points,  but  also  the  amplitude 
differences  of  proximate  points  have  to  be  considered. 

Between  the  envelope  curves  of  the  noise  a  new  noise  curve  is  calculated  with  much  less  points  in  correlation  to 
the  original  measured  curve.  The  reduction  of  noise  points  for  the  calculated  noise  curve  is  predefined  in  the 
software  or  can  be  selected  manually  by  a  percentage  value,  which  is  typically  around  90  %  (this  is  an  input 
value  for  the  software  and  not  correlating  with  exact  90  %  of  noise  point  reduction;  see  also  Table  1).  The 
resulting,  data  reduced  measurement  curve  consists  of  the  original  signals  matched  with  the  sequences  of 
reduced  noise  points.  In  Figure  4  an  example  of  the  signals  is  displayed.  The  thick  (red)  curve  is  the  new 
calculated  curve  with  reduced  number  of  points  in  the  noise  sequences  and  unchanged  points  for  all  signals. 


Measurement  Data 


Figure  4:  Noise  points  reduced  measurement  trace  with  noise  envelopes 

However  there  are  still  some  kinds  of  signals  making  problems  like  typical  UMTS  signals.  Because  of  their 
5  MHZ  bandwidth  and  the  RBW-setting  of  100  kHz  these  signals  look  like  noise  to  the  algorithm.  This  can  be 
solved  in  a  second  signal  check,  where  it  is  assumed  that  the  noise  floor  is  continuous.  Jumps  in  the  noise  floor 
because  of  different  analyser  settings  are  handled  by  the  evaluation  of  each  measurement  trace  separately. 

The  next  step  to  reduce  the  amount  of  data  is  to  eliminate  the  noise  sequences  totally.  Therefore  simply  all  noise 
points  are  neglected  and  only  the  signals  are  still  part  of  the  data  reduced,  noise  points  excluding  trace.  In  the 
graphic  chart  the  flanks  of  signals  are  connected  by  a  line.  In  Figure  5  the  UMTS-DL  band  of  the  overview 
measurement  from  Vienna  (Figure  3)  is  shown  magnified.  For  the  original  measurement  trace  the  noise  data 
reduced  trace  and  the  trace  with  eliminated  noise  points  were  calculated  and  displayed  together.  The  difference 
in  the  number  of  needed  data  points  for  these  three  signals  is  obvious. 

Another  powerful  effect  of  the  presented  algorithm  besides  the  data  reduction  is  the  possibility  to  evaluate  the 
effective  signal  power  without  any  incorrect  additional  integration  of  noise  to  the  signals.  To  demonstrate  that 
we  have  again  a  look  at  the  UMTS  band  of  Figure  5  respectively  Figure  6  at  left  side.  This  time  the  vertical 
bands  in  Figure  6  are  representing  the  DL-channels  of  the  Austrian  UMTS  providers,  which  are  used  for  data 
evaluation  of  the  three  UMTS-traces.  On  the  right  side  of  this  figure  the  evaluation  results  are  given.  In  all  3 
diagrams  the  results  for  the  active  channels  are  identical  because  the  algorithm  does  not  affect  the  signal  parts. 
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Figure  5:  UMTS-DL  traces  after  noise  data  reduction 


Also  the  results  of  the  other  channels,  representing  the  noise  power,  are  very  similar  for  the  original  trace  and  the 
noise  data  reduced  trace.  However  for  the  trace  without  any  noise  points  the  evaluation  result  for  inactive  bands 
is  zero.  Therefore  the  presented  algorithm  enables  the  user  to  add  only  the  power  of  measured  signals  to  yield  in 
fact  EMF-field  strength  evaluation  results  without  any  disturbing  noise  contributes. 


Measurement  Data 
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Figure  6:  UMTS-DL  traces  and  corresponding  channel  selective  evaluation  results 


V.  Results 

Figure  7  is  showing  4  original  measurement  traces  and  the  noise  excluded  traces  after  implementation  of  the 
algorithm  to  the  original  measurement  traces.  At  the  top  there  are  typical  GSM900-DL  measurements  performed 
from  930  MHz  to  960  MHz.  The  left  one  was  made  in  the  rural  environment  at  Seibersdorf  and  the  right  during 
an  EMC-exhibition  at  Stuttgart  in  2005.  Below  them  there  are  2  of  the  overview  measurements  corresponding  to 
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the  measurements  described  in  Figure  3.  The  left  one  is  again  from  Seibersdorf  and  the  other  one  from  the  centre 
of  Vienna.  These  4  pictures  are  showing  typical  traces  which  are  used  to  investigate  the  efficiency  in  data 
reduction  of  the  presented  algorithm.  The  results  are  given  in  Table  1  for  one,  ten  and  fifty  similar  measurement 
traces  (repetitions)  for  each  of  the  4  signal  groups. 


Figure  7:  Example  traces  for  the  evaluation  of  Table  1 

The  values  given  in  percentage  are  relating  to  the  original  measurement  traces  and  give  the  amount  of  needed 
disk  space  after  data  reduction.  That  means  a  number  of  30  %  corresponds  with  a  data  reduction  of  70  %.  For  the 
original  measured  traces  the  necessary  disc  space  to  save  the  measurement  including  all  settings,  factors  and 
other  useful  information  is  given  in  kByte. 
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37,9 

1,6 

1,5 

Table  1 :  Efficiency  of  the  data  reduction  algorithm  (Noise  Fleight  factor  =  5dB  and  90  %  Reduction  Value) 
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As  expected  the  best  results  are  given  for  overview  measurements  in  a  rural  environment  like  Seibersdorf.  There 
are  only  a  few  signals  present  and  the  noise  reduction  is  very  efficient  with  up  to  87,9  %  data  reduction  for  the 
noise  data  reduced  traces  and  up  to  98,5  %  for  the  noise  excluded  traces  at  50  repetitions.  That  means  that  the 
needed  disc  space  is  reduced  from  about  8.5  MByte  to  less  than  130  kByte.  This  is  a  data  amount  which  can  be 
processed  easily  within  short  time  by  computers.  Also  for  the  noise  excluded  wideband  trace  performed  in  the 
city  of  Vienna  the  reduction  is  quite  similar  with  1.6  %  of  remaining  data  instead  of  1.5  %  like  Seibersdorf.  For 
the  scenario  of  288  wideband  traces  during  one  day  as  assumed  in  chapter  III  including  the  evaluation 
problematic  for  frequency  selective  measurements,  a  total  disc  space  of  about  620  kByte  would  be  generated  if 
the  presented  algorithm  is  used.  This  data  amount  is  still  not  a  large  problem  to  process  at  modern  PCs  and 
therefore  in  fact  this  algorithm  supports  frequency  selective  EMF-measurement  systems  to  overcome  the 
problematic  of  time  delay  caused  by  too  much  data  generation.  For  a  single  overview  trace  the  efficiency  of  the 
data  reduction  is  a  little  bit  less  because  of  the  data  overhead  necessary  for  each  measurement  job  independent  of 
its  number  of  repetitions  but  with  about  80  %  to  95  %  still  excellent.  For  the  GSM900  evaluations  the  reduction 
of  data  is  from  about  22  %  for  noise  reduced  signals  for  one  single  trace  up  to  77  %  at  the  50  noise  excluded 
traces  for  the  GSM900  band  at  Seibersdorf,  but  the  absolute  amount  of  data  is  much  less  than  for  the  overview 
measurements  and  therefore  not  a  problem  in  processing.  In  addition  to  that  it  is  a  big  advantage  of  the  algorithm 
too,  that  it  is  working  automatically  as  a  selector  to  differ  between  the  existing  signals  and  noise,  which  is  not  of 
interest.  Only  pure  signal  information  is  kept  in  opposite  to  other  methods  like  band-selective  methods  or  by 
wideband  measurements  using  field  probes  where  signal  and  noise  is  mixed  without  any  possibility  for 
differentiation. 


VI.  Conclusion 

Recapitulating  it  was  found  that  especially  for  wideband  measurements  with  a  lot  of  repetitions  the  presented 
algorithm  has  its  best  efficiency  with  typically  more  than  98  %  of  data  reduction  for  the  investigated  traces  and 
measurement  settings.  This  enables  frequency-selective  measurements  for  sophisticated  single  investigations  on 
site  as  well  as  for  long-therm  monitoring  e.g.  for  dosimetry  studies.  Caused  by  the  fact  that  the  data  reduction 
algorithm  can  automatically  be  applied  in  real-time  to  the  measured  data  and  it  is  not  specific  for  any  spectrum 
analyser,  it  could  be  used  generally  for  data  reduction  purposes.  Another  big  advantage  of  that  data  reduction 
process  is  the  differentiation  between  signal  and  noise.  This  enables  the  user  to  define  the  pure  signal  power  for 
EMF-evaluation  instead  of  a  mixture  of  signal  and  noise  contributes.  Furthermore  the  frequency  selective 
measurement  method  is  still  the  most  sensitive  procedure  which  allows  best  isotropic  behaviour,  shaip  frequency 
differentiation  and  accurate  uncertainty  estimation.  Drawbacks  of  those  systems  are  the  relatively  high  cost, 
large  mechanical  dimension  of  the  some  equipment  and  typically  the  engineer  needs  measurement  expertise  and 
experience  to  perform  well  suited  settings  that  the  advantages  of  frequency  selective  systems  could  be  utilized. 
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1.  INTRODUCTION 

Our  group  has  since  1988  studied  the  effects  of  different  intensities  and  modulations  of  915  MHz  RF  in  a 
rat  model.  In  series  of  more  than  1600  animals,  we  have  proven  that  subthermal  energies  from  both  pulse- 
modulated  and  continuous  RF  fields  including  those  from  real  GSM  mobile  phones  -  have  the  potency  to 
significantly  open  the  BBB 

for  the  animals  own  albumin  (but  not  fibrinogen)  to  pass  out  into  the  brain  and  to  accumulate  in  the 
neurons  and  glial  cells  surrounding  the  capillaries.  These  results  are  duplicated  recently  in  another 
laboratory  [1],  Similar  results  are  found  by  others  [2].  In  a  recent  study,  we  found  signs  of  neuronal 
damage  in  the  rat  28  and  50  days  after  a  2  hours  exposure  for  GSM  microwaves  at  900  MHz  with  SAR  < 
0.2  W/kg  [3,4], 

2.  OBJECTIVE 

To  investigate  in  the  rat  the  occurrence  behavioral  changes,  leakage  of  the  blood-brain  barrier  and  of 
neuronal  damage  after  a  one  year  period  of  weekly  2  hour  exposures  to  radiation  from  a  GSM  mobile 
phone  at  different  intensities. 

3.  METHODS 

48  male  and  female  Fischer  344  rats  were  exposed  or  sham  exposed  for  two  hours  once  a  week  for  55 
weeks  in  TEM-cells  to  radiation  from  a  software  programmable  GSM-900  mobile  telephone.  The  animals 
were  awake  during  the  exposure  and  could  move  and  turn  within  the  exposure  chamber.  The  peak  output 
power  fed  into  the  TEM  cells  were  5  or  500  mW,  resulting  into  average  whole  body  specific  absorption 
rates  of  1  or  100  mW/kg.  A  further  8  animals  served  as  cage  controls:  The  latter  stayed  ndisturbed  in  the 
animal  facility  during  the  whole  period  of  the  investigation.  3  weeks  after  the  last  exposure,  all  animals 
were  subjected  to  two  different  behavioral  test:  (i)  the  Open  Field 

test  for  testing  exploratory  and  motor  behavior  as  well  as  anxiety,  and  (ii)  the  Episodic-like  memory  task 
for  testing  episodic  memory  and  novelty  preference  [6].  After  the  behavioral  testing  period,  the  animals 
were  anaesthetized  and  sacrificed  by  perfusion-fixation  with  4%  formaldehyde.  Brain  slices  were  stained 
for  RNA/DNA  with  cresyl  violet  and  HSP70  for  heat  shock  protein.  Applying  albumin  antibodies 
(Dakopatts),  albumin  in  the  brain  tissue  and  albumin  uptake  into  neurons  is  revealed. 

4.  ANALYSIS  and  RESULTS 

The  occurrence  of  blood-brain  barrier  leakage  and  damaged  (dark)  neurons  in  different  parts  of  the  brain 
were  judged  semi -quantitatively  by  the  neuropathologist.  No  increased  number  of  albumin  foci  or  dark 
neurons  were  found  in  exposed  animals  as  compared  to  sham-exposed.  The  Open  Field  test  revealed  no 
effect  of  exposure  on  exploratory  and  motor  behavior.  The  episodic  memory  test  revealed  worse  short¬ 
term  memory  for  exposed  animals  as  compared  to  sham  exposed  animals. 
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Abstract 

Merely  electric  field  exposure  is  often  occurred  by  electric  transmission  lines,  electric  appliances  without 
current  flow.  The  aim  of  this  study  was  to  investigate  the  effects  of  a  50  Hz  electric  field  on  peripheral  nerve 
regeneration  in  rats.  The  exposure  system  was  based  on  parallel-plate-capacitor  system.  Electric  field  exposure 
set-up  was  established  for  studies  on  forty  male  Sprague-Dawley  rats.  The  rats  were  randomly  divided  into  four 
groups  each  containing  10  rats.  Four  groups  examined  variables  associated  with  the  method  and  timing  of 
surgical  repair,  the  arrest  of  Wallerian  degeneration,  and  the  role  of  electric  field  in  functional  recovery. 
Treatment  group  1,  treatment  group  2  and  treatment  group  3  were  subjected  to  electric  fields  of  10  kV/m 
strengths.  Control  group  were  subjected  to  the  same  procedure,  but  with  the  device  not  activated.  The  ambient 
temperature  and  relative  humidity  percent  of  the  room  housing  this  facility  were  maintained  at  24  ±  2  °C  and  55 
±  5  respectively.  Standard  poly-carbonate  animal  cages  with  PVC  lids  were  kept  between  the  parallel  plates 
producing  vertical  component  of  electric  field  for  exposing  the  animals.  The  duration  of  exposure  of  rat  was  1 
months.  Treatment  group  1,  treatment  group  2  and  treatment  group  3  showed  that  a  vein-graft  conduit  did  not 
improve  functional  recovery  compared  with  standard  epineurial  repair.  Also,  delayed  repair  compared  favorably 
with  immediate  repair. 

Key  words:  Electric  field,  parallel  plate,  peripheral  nerve  regeneration 

Introduction 

Extremely  low  frequency  (ELF)  electric  field  (EF)  and  electromagnetic  field  (EMF)  were  demonstrated  to  affect 
biological  systems  in  vitro  and  in  vivo  [World  Health  Organization,  1984].  Unlike  the  ionizing  radiation  and 
radiofrequency  waves,  the  energy  transferred  to  the  biological  tissues  by  the  ELF  fields  is  no  significant.  Some 
biological  processes  may  be  more  sensitive  than  others  to  ELF  EMFs  resulting  in  measurable  outcomes. 

Weak  DC  EF  was  applied  to  accelerate  nerve  regeneration  following  different  peripheral  nerve  injury  models 
[Politis  et  al.,  1988;  Kerns  et  ah,  1991;  Kerns  and  Lucchinetti,  1992].  Pulsed  electromagnetic  field  (PEMF),  as  a 
non-invasive  modality  was  also  effective  in  enhancing  nerve  regeneration  [Ito  and  Bassett,  1983;  Orgel  et  ah, 
1984;  Sisken  et  ah,  1989;  Walker  et  ah,  1994], 

The  sinusoidal  AC  magnetic  field  was  found  to  accelerate  nerve  regeneration  following  a  crush  injury  [Rusovan 
and  Kanje,  1991].  To  our  knowledge,  how  ELF  EF  affects  nerve  regeneration  has  not  been  studied  before. 
Animal  studies  focused  on  the  magnetic  field  components,  whether  they  investigate  hazards  or  benefits 
associated  with  ELF  EMFs.  The  theoretical  background  is  that  the  magnetic  field  is  almost  unperturbed  by 
tissues  as  opposed  to  EFs.  Magnetic  field  is  created  when  electric  current  flows.  EF  represents  the  force  that  a 
charge  exerts  on  other  charges  and  a  potential  difference  is  sufficient  for  its  presence  even  when  a  current  does 
not  flow.  Pure  EFs  may  have  biological  effects  [Repacholi  and  Greenebaum,  1999]. 
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Materials  and  Methods 

In  this  study  the  experiment  was  performed  on  forty  young  adult,  male  Sprague-Dawley  rats  weighing  180-240 
g.  The  study  was  approved  by  the  Institutional  Review  for  Animal  Research  Board  of  SDU  and  conducted  in 
accordance  with  the  institutional  guidelines.  The  rats  were  randomly  divided  into  four  groups  each  containing 
10  rats.  Four  groups  examined  variables  associated  with  the  method  and  timing  of  surgical  repair,  the  arrest  of 
wallerian  degeneration,  and  the  role  of  electric  field  in  functional  recovery.  Treatment  group  1,  treatment  group 
2  and  treatment  group  3  were  subjected  to  electric  fields  of  10  kV/m  strengths.  Control  group  were  subjected  to 
the  same  procedure,  but  with  the  device  not  activated.  The  ambient  temperature  and  relative  humidity  percent  of 
the  room  housing  this  facility  were  maintained  at  24  ±  2  °C  and  55  ±  5  respectively.  Standard  poly-carbonate 
animal  cages  with  PVC  lids  were  kept  between  the  parallel  plates  producing  vertical  component  of  electric  field 
for  exposing  the  animals.  The  duration  of  exposure  of  rat  was  1  months. 


Surgical  Procedure 

The  animals  were  anesthetized  by  intraperitonel  injection  of  ketamine  (90  mg/kg)  and  xylazine  (6mg/kg).  By 
using  a  surgical  microscope  common  peroneal  nerve  was  isolated  through  a  short  lateral  thigh  incision  on  the 
left  side.  Two  centimeters  proximal  to  its  entrance  into  the  lateral  crural  compartment,  peroneal  nerve  was 
crushed  twice  with  a  no.  3  jeweler’s  forceps  for  30  s,  so  that  only  a  transparency  of  the  neural  sheath  was  seen  at 
the  injury  site. 


Electric  Field  Application  Set  Up 

The  theory  of  EF  between  the  plates  of  parallel  plate  capacitors  was  utilized  for  EF  exposure  settings  [Lorrain 
and  Corson,  1970].  The  setup  was  schematically  illustrated  in  Figure  1.  The  EF  strength  was  calculated 
according  to  the  equation  E=V/d  where  V  is  electric  potential  between  the  plates,  d  is  the  distance,  and  E  is  the 
EF  intensity  in  volt/meter.  Plates  were  made  of  a  perfect  conductor  for  free  charges  to  disperse  homogenously  in 
order  to  produce  uniform  EFs.  Zinc  plated  tin  sheets  of  2  mm  thickness  were  selected  for  this  purpose.  Plates  of 
50X100  cm  in  dimension  were  cut  out  of  them  and  perfectly  flattened.  The  corners  were  rounded  to  get  rid  of 
corruptions  due  to  end  effect.  They  were  placed  upright  on  wooden  stands  and  positioned  parallel  to  each  other. 
In  order  not  to  disturb  the  field,  leads  were  connected  to  the  center  of  the  plates  on  their  outer  sides. 

The  plates  were  spaced  at  50  cm  in  distance.  Three  ungrounded  plastic  cages  were  placed  inside  as  seen  in 
Figure  1.  Three  or  four  rats  were  housed  in  each  cage.  Cages  were  in  adequate  size  to  ensure  free  movement  of 
rats  and  hence  homogenous  shielding  of  each  other.  In  addition  to  weekly  cleanups  of  the  plates  and  cages,  the 
setups  were  frequently  scrutinized  for  gross  soil  and  wetness  that  would  disturb  the  homogeneity  of  EF.  The 
attenuation  due  to  routine  soiling  could  be  estimated  to  cause  very  small  variation  in  EF.  From  the  equation 
above,  average  EF  densities  between  the  plates  were  calculated  to  be  5000  V/0.5  m=10000  V/m  (10  kV/m)  in 
50  Hz  groups.  Max  3000  TRMS  Multimeter  (Chauvin  Arnoux,  Paris,  France)  was  used  for  voltage 
measurements. 
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Figure  1.  The  electric  field  application  set  up. 


Discussion  and  Conclusion 

International  standard  commissions  (ICNIRP,  IEEE)  are  generally  warn  about  magnetic  radiation  to  public. 
General  consensus  that  is  below  10  kV/m  will  be  harmless.  In  this  study  we  tried  to  show  that  pure  electric  field 
was  able  to  affect  on  a  living  tissue. 

We  designed  the  study  to  determine  whether  any  changes  occur  in  the  rate  of  nerve  regeneration  when  rats  are 
continuously  exposed  to  strong  EFs  for  4  weeks  following  a  crush  injury.  Treatment  group  1,  treatment  group  2 
and  treatment  group  3  showed  that  a  vein-graft  conduit  did  not  improve  functional  recovery  compared  with 
standard  epineurial  repair.  Also,  delayed  repair  compared  favorably  with  immediate  repair.  All  differences 
found  between  the  exposure  groups  of  this  study  were  in  accordance  with  lower  rates  of  Wallerian  degeneration 
and  nerve  regeneration  in  50  Hz  EF  group. 

However,  their  concordance  in  direction  of  effect  with  each  other  suggests  that  continuous  50  Hz  EF  exposure 
has  a  weak  effect  that  is  detrimental  mostly  to  the  rate  of  early  nerve  regeneration  in  a  crush  injury  model. 
Although  the  internal  EFs  induced  by  50  Hz  EF  in  this  study  are  estimated  to  be  within  the  lower  limits  of 
endogenous  noise.  This  suggests  that  electric  induction  may  be  required  for  pure  EF  effects  even  though  the 
density  of  induced  fields  is  not  above  the  endogenous  background  level. 
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Abstract 

We  demonstrated  previously  that  exposure  of  brain  tissue  to  pulsed  magnetic  fields  (PMF)  significantly 
amplified  the  magnitude  of  the  evoked  potentials.  Either  increase  in  the  amplitude  of  the  action  potential, 
or  amplification  of  the  synaptic  efficiency  could  explain  observed  results.  Further  investigation  revealed, 
that  Paired  Pulse  Facilitation  (PPF),  a  form  of  synaptic  plasticity  observed  in  the  central  nervous  system 
was  significantly  modified  by  the  exposure  to  PMFs.  Although  these  results  pointed  at  the  synapse,  as  the 
site  of  PMF  action,  the  enhancement  of  an  antidromically  evoked  potentials,  recorded  from  hippocampal 
slices  implied,  that  PMF  can  influence  nonsynaptic  mechanisms  as  well.  This  assumption  was  supported 
by  PMF-induced  amplification  of  the  action  potential  recorded  from  isolated,  peripheral  mouse  nerve  in 
vitro.  It  has  been  determined,  that  PMF  reduced  the  axonal  threshold,  making  nerves  more  excitable. 
Additional  studies  demonstrated,  that  the  action  of  PMF  is  exerted  by  modifying  the  action  of  ion 
channels,  responsible  for  synaptic  transmission  and  generation  of  an  action  potential.  The  action  of  PMF 
was  very  specific  and  related  to  their  frequency. 

Introduction. 

Our  previous  investigation  revealed  that  Pulsed  Magnetic  Fields  (PMFs)  increased  neuronal  activity 
recorded  from  mouse  hippocampal  slices  (Wieraszko  et  ah,  2005).  The  enhancement  in  the  activity  of  the 
nerve  cells  was  expressed  as  an  increase  in  the  amplitude  of  electrophysiologically  recorded  evoked 
potentials  (Wieraszko,  2004),  which  was  correlated  with  an  enhancement  of  the  release  of 
neurotransmitter  (glutamate)  (Wieraszko  et  al.,  200),  and  an  elevation  in  the  concentration  of  the  second 
messenger,  cAMP  (Hogan  and  Wieraszko,  2004). 

The  intensity  of  neuronal  activity  was  measured  as  the  amplitude  of  the  population  spike  (PS),  which 
represents  synchronized  firing  of  the  pyramidal  neurons  (Andersen  et  al.,  1971).  While  the  population 
spike  illustrates  synaptic  activation  of  neurons,  it  has  to  be  preceded  by  the  action  potential  generated 
non-synaptically.  The  diagram  in  Fig  1  shows  the  sequence  of  these  events.  Presynaptic  action  potential, 
induced  by  stimulating  electrodes  (S),  propagates  towards  the  end  of  the  axon  and  initiates  the  release  of 
the  neurotransmitter  (glutamate  in  our  preparation)  at  the  presynaptic  terminal  (Pre).  The 
neurotransmitter  released  from  the  presynaptic  part  stimulates  the  postsynaptic  part  (Post),  generating 
population  spike  (potential  #  3).  The  same  stimulation  can  also  generate  the  action  potential,  which  will 
propagate  toward  the  cell  body  of  neuron  A  initiating  antidromically  evoked  potential  #  1 .  No  synaptic 
transmission  is  involved  in  generation  of  this  potential.  Therefore,  the  influence  of  PMF  on  both:  1)  the 
presynaptic  mechanism  of  generation  of  an  action  potential  and,  2)  synaptically  mediated  mechanism  of 
generation  of  the  population  spike  may  contribute  to  the  PMF-induced  modifications  of  the  amplitude  of 
the  population  spike.  The  purpose  of  the  current  research  was  to  evaluate  the  contribution  of  the 
presynaptic  and  postsynaptic  mechanisms  in  modulation  of  the  population  spike  by  PMF. 
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Figl.  The  diagram  of  neuronal  activities  recorded  in  the  experiments  on  hippocampal  slices.  Stimulating 
electrode  (S)  initiates  the  generation  and  orthodromic  propagation  of  an  action  potential  #  2.  This 
potential  reaches  the  nerve  terminal  (Pre)  stimulating  the  release  of  neurotransmitter  (N),  which 
activates  postsynaptic  part  initiating  generation  of  the  population  spike  (potential  #  3)  in  neuron  B.  Thus, 
the  population  spike  (potential  #  3)  is  generated,  as  a  result  of  presynaptic  and  postsynaptic  activities. 
The  action  potential  initiated  by  stimulating  electrode  (S)  can  also  propagate  towards  the  cell  body  of 
neuron  A  (antidromic  stimulation)  generating  an  action  potential  #  1.  This  potential  is  generated  without 
the  involvement  of  synaptic  transmission. 

While  the  mouse  hippocampal  slices  were  used  to  evaluate  the  involvement  of  presynaptic  and 
postsynaptic  mechanisms,  the  segments  of  the  mouse  sciatic  nerve  were  used  to  verify  the  results  related 
to  presynaptic  component. 

Methods 

The  biological  preparation  (hippocampal  slices,  or  segments  of  sciatic  nerve)  have  been  incubated  in  a 
chamber  shown  in  Fig  2,  and  exposed  to  pulsed  magnetic  fields  for  30  minutes.  The  evoked,  neuronal 
activity  of  the  preparation  was  followed  before,  during  and  after  exposure  to  PMF. 

PMF  exposure 

The  pulsed  magnetic  field  (PMF)  was  generated  by  DC -powered  coils  (Trabulsi  et  ah,  1996; 
Wieraszko,  2004),  wound  around  an  acrylic  frame,  which  surrounded  the  interface-recording  chamber. 
The  activation  and  deactivation  of  the  coils  was  operated  by  a  programmable  timer,  which  was  set  at 
different  frequencies  to  meet  the  goal  of  the  specific  experiment.  A  plastic  tube  connected  to  the  building 
air  supply  secured  the  flow  of  the  air  indicated  by  arrows  E.  The  flow  of  air  prevents  the  water  chamber 
from  overheating  during  electromagnetic  field  activation  (Trabulsi  et  al.,  1996;  Wieraszko,  2004)  (Fig  2). 
Regardless  of  the  frequency  of  the  pulsed  magnetic  field,  each  pulse  has  four  phases:  rising  phase  (period 
of  coils  charging),  static  magnetic  field  phase  (period  of  no  change;  the  power  supply  on),  falling  phase 
(period  of  coils  discharging),  and  then  an  “off’  phase  (power  supply  off),  (Fig  3  and  4).  The  duration  of 
the  rising  and  falling  phases  (measured  as  shown  in  Fig  4)  was  equal  for  all  frequencies  generated  by  our 
magnetic  field  setup;  however,  the  number  of  these  phases  is  substantially  different  for  different 
frequencies.  Unless  specified  otherwise,  the  frequency  that  was  used  was  0.16  Hz.  The  same  field  was 
used  for  hippocampal  slices  and  for  sciatic  nerve  preparation.  The  one  "on"  and  "off  period  was 
considered  as  one  cycle  and  the  frequency  of  magnetic  field  stimulation  was  expressed  as  number  of 
these  cycles  per  second  (Fig  3).  The  graph  in  Fig  3  shows  magnetic  field  pulse  recorded  on-line  for  the 
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Fig.  2.  A  diagram  of  the  experimental  system.  The  slice  (A)  is  placed  in  the  chamber  (B)  that  is  filled  with 
Ringer’s  solution  and  oxygenated  with  95%>/5%  02/C02.  The  water  chamber  (C)  contains  the 
temperature  sensor  (H)  and  the  oxygenating  aiiflow.  The  magnetic  coil  (M)  encircled  the  acrylic  frame 
(D).  During  the  magnetic  field  application,  airflow  circulating  through  a  holed  tube  (K)  is  turned  on, 
creating  an  air  flow  (E)  to  dissipate  any  accumulated  heat.  (According  to  Wieraszko,  2004). 

period  of  thirty  minutes.  Neither  change  in  the  PMF  strength  nor  shape  was  observed.  A,  B  and  C  show 
on-line  PMF  recording  for  4  minutes  in  the  beginning,  middle,  and  at  the  end  of  thirty  minute  period. 


PMF:  15  mT,  0.16  Hz, 30  min 


Fig.  3.  Thirty  minutes  of  PMF  recording.  This 
graph  shows  -  on  line  -  magnetic  field  pulse 
recording  for  the  period  of  30  minutes  that 
illustrates  neither  change  in  the  PMF  strength 
nor  shape.  A,  B  and  C  show  on-line  PMF 
recording  for  4  minutes  in  the  beginning, 
middle,  and  at  the  end  of  30  minutes. 
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Fig.  4.  A  photograph  of  the  PMF  pulse  taken 
from  oscilloscope  screen.  It  shows  the  rising 
(R),  and  falling  phases  (F).  The  white  vertical 
lines  and  horizontal  lines  (T)  were  drawn  to 
calculate  the  slope  of  the  rising  and  falling 
phases  of  magnetic  pulse  (black  trace).  The 
duration  of  the  "on"  phase,  and  the  intensity  of 
the  field  shown  on  this  photograph  is  3  sec. 
and  15  mT,  respectively. 


Results 

A.  The  influence  of  PMF  on  synaptic  and  nonsynaptic  component  of  neuronal  activity  tested  on 

hippocampal  slices. 

The  hippocampal  slices  were  prepared  from  CD-I  strain  of  mice,  as  described  previously  (Wieraszko, 


Fig.  5.  Hippocampal  pathways  and  recording  of  their  activities.  The  diagram  shows  the  hippocampal 
pathways  and  the  location  of  stimulating  and  recording  electrodes.  The  electrode  stimulating 
ortho  dr  omically  is  located  in  CA3  hippocampal  subfield.  When  activated,  it  evokes  the  action  potential, 
which  propagates  towards  CA1.  This  action  potential,  in  turn,  synoptically  activates  CA1  pyramidal 
neurons,  which  generate  population  spike.  Pyramidal  neurons  can  be  also  stimulated  nonsynaptically 
with  antidromically  stimulating  electrode. 
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1983).  The  diagram  of  the  cross-section  of  the  hippocampus  is  depicted  in  Fig  5.  The  population  spike 
can  be  evoked  by  either  orthodromic  stimulation  of  the  Schaffer  collateral  and  then  recording  from  the 
CA1  pyramidal  cell  layer  (this  involves  synaptic  transmission),  or  by  the  antidromic  stimulation,  which  is 
defined  as  the  stimulation  of  the  axonal  area  of  the  CA1  and  recording  from  CA1  pyramidal  cell  layer  (it 
does  not  involve  synaptic  transmission).  See  also  Fig  1  for  further  explanation. 

A.l.  Effects  of  PMF  on  paired  pulse  facilitation  (PPF) 

Our  previous  experiments  (Wieraszko,  2004)  demonstrated  a  PMF  induced  increase  in  the  magnitude  of 
the  population  spike  evoked  by  single-pulse  electrical  stimulation  applied  at  the  frequency  of  0.16  Hz.  To 
analyze  this  phenomenon  further  we  applied  paired-pulse  stimulation  paradigm,  which  is  considered  a 
good  indicator  of  the  changes  in  the  mechanism  of  orthodromically  induced  synaptic  processes  of  the 
neurotransmitter  release.  Two  pulses,  separated  by  the  interstimulus  interval  of  15-55  ms  were  applied 
with  the  frequency  of  0.16  Hz  to  evoke  two  population  spikes.  Paired-Pulse  Facilitation  (PPF)  was 
expressed  as  an  increase  in  the  magnitude  of  the  second  population  spike  as  compared  to  the  first  one. 
PPF  was  calculated  as  the  difference  in  amplitude  between  the  first  population  spike  (PS1)  and  the 
second  population  spike  (PS2).  An  increase  in  the  second  population  spike  relative  to  the  first  will 
produce  higher  PPF.  The  expression  of  PPF  as  the  difference  rather  than  the  ratio  has  been  chosen,  since 
PMF  increased  both  PS1  and  PS2  (Fig  6).  The  experiment  was  initiated  by  recording  of  the  PS  for  20 
minutes  prior  the  exposure  to  PMF  (baseline).  The  average  of  the  PPF  measurements  that  were  calculated 
from  the  baseline  period  was  compared  to  the  averages  taken  from  the  recordings  after  the  exposure  to 
PMF.  The  result  of  ten  experiments  showed  significant  increase  in  PPF  after  the  PMF  exposure  (n=10, 
150  %,  p=0. 000317,  paired  sample  t  test  was  used).  Note,  that  although  the  magnitude  of  both  population 
spikes  increased  following  PMF  exposure,  the  facilitation  of  the  second  one  exceeded  the  facilitation  of 
the  first  (Fig  6). 

Statistical  analysis  revealed,  that  there  was  no  correlation  between  initial  PPF  and  the  change  in 
the  amplification  of  PPF.  Therefore  we  assumed,  that  the  amplification  of  PPF  was  not  due  to  PMF- 
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Fig.  6. The  influence  of  PMF  on  paired  pulsed  facilitation.  A  -  Potentials  marked  PS1  and  PS2 
correspond  to  the  first  and  second  evoked  potentials,  respectively  and  were  initiated  by  two  consecutive 
pulses  applied  with  a  frequency  of  0.16  Hz;  inter  pulse  intervals  (IPI)  was  adjusted  accordingly  to  get  the 
largest  PPF  (25  —  55  ms).  The  PPF  was  calculated  as  PS2  minus  PS1.  The  upper  and  lower  potentials 
represent  potentials  that  were  recorded  during  the  baseline  and  after  the  PMF  exposure,  respectively. 
PPF  was  increased  by  about  120%  after  the  exposure  to  PMF.  Note,  that  both  PS1  and  PS2  increased 
after  exposure.  B  -  the  average  changes  in  PPF  after  the  exposure  to  PMF  applied  at  the  frequency  of 
0.16  Hz  (n  =  11).  The  baseline  bar  (BL)  represents  the  average  of  PPF  from  the  first  10  -  15  minutes 
before  the  application  of  PMF.  The  PMF  bar  represents  the  average  of  PPF  during  maximal  effect  of 
PMF  amplification.  The  result  of  the  paired  t  test  is  shown  in  the  graph. 
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induced  increase  in  the  number  of  firing  neurons,  but  due  to  an  increase  in  the  excitability  of  the  same 
population  of  neurons,  which  were  active  before  PMF  exposure. 

A.2.  The  effect  of  PMF  on  antidromically  evoked  population  spike  in  the  hippocampal  slices 

To  inquire  into  the  mechanisms  of  PMF,  we  considered  an  experimental  paradigm  that  would  express  the 
action  potential  without  concomitant  involvement  from  synaptic  transmission.  Stimulating  the 
hippocampal  pyramidal  cell  layer  CA1  with  antidromic  stimulus  (stimulating  electrode  on  the  subiculum. 


Fig.  7.  The  effect  of  PMF  on  the  antidromically  evoked  population  spike.  The  slices  were  incubated  in  a 
calcium  free  medium  and  with  2mM  kynurenic  acid.  A  —  a  representative  experiment  showing  the 
amplitude  of  the  population  spikes  before  (a)  and  after  (b)  the  application  of  PMF.  B  —  A  waveform  that 
shows  the  potential  amplitude  before  and  after  PMF  exposure;  note  the  generation  of  multiple  potentials 
.  C  -  Average  results  of  baseline  and  at  maximal  PMF  effect  (n  =  15,  p  =  0. 0004).  Paired  t  test  was  used. 


recording  electrode  on  the  pyramidal  cell  layer  CA1)  (Fig.  1  and  2)  would  induce  pre-synaptic  action 
potentials  only.  The  addition  of  kynurenic  acid  (a  blocker  of  glutamergic  receptors)  to  the  slice 
containing  chamber  and  the  omission  of  calcium  would  eliminate  any  contribution  of  glutamergic 
synaptic  transmission  to  either  the  initiation  or  size  of  recorded  potentials.  Fifteen  experiments  on  15 
different  slices  taken  from  5  animals  were  performed.  The  potentials  were  recorded  for  20  minutes  to 
create  a  stable  baseline,  and  then  a  PMF  of  0.16  Hz  was  turned  on  for  30  minutes.  Averages  from  the 
baseline  and  at  the  maximal  effect  of  PMF  (20  potentials)  were  compared.  The  PMF  has  not  only 
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increased  significantly  the  size  of  population  spikes  (n=15,  183.3%,  p=0.0004,  Fig  7A,  B)  but  also 
induced  multiple  firings  and  seizure  like  activity  (Fig  7  By.  There  was  no  correlation  between  the 
amplitude  of  the  baseline  and  the  amplitude  of  the  change  (the  PS  amplitude  after  PMF  exposure  minus 
the  PS  amplitude  of  baseline)  after  the  exposure  to  PMF.  That  means  that  the  effect  of  PMF  was 
independent  of  the  amplitude  of  the  initial  population  spike. 

B.  The  influence  of  PMF  on  the  action  potential  recorded  from  the  sciatic  nerve. 

CD-I  strain  of  mice  was  used  to  prepare  segments  of  sciatic  nerve.  Following  decapitation  both 
hind  limbs  were  skinned.  The  upper  thigh  muscles  were  then  cut  and  either  the  femoral  bone  was  broken 
or  the  hip  joint  was  dislocated.  The  broken  limb  was  pulled  away  and  muscle  tissue  of  the  thigh  were  cut 
to  expose  the  sciatic  nerve  from  its  origin  in  the  vertebral  column.  The  two  ends  of  the  sciatic  nerve  were 
cut  and  the  nerve  was  pulled  out  and  placed  in  the  ice-cold  Ringer’s  solution.  The  nerve  was  then  cut 
into  4  to  6  mm  segments,  which  were  placed  in  an  incubation  chamber  maintained  at  33°C,  and 
constantly  oxygenated  with  a  5%/95%  CCb /  Cb.  The  individual  segment  was  transferred  in  turn  into  a 
recording  chamber.  The  epineurium  (the  outermost  layer  of  connective  tissue  surrounding  the  entire 
peripheral  nerve)  remained  intact.  The  recording  electrode  was  placed  inside  the  epineurium  at  the  end  of 
the  cut  and  the  stimulating  electrode  was  placed  out  side  the  epineurium  at  a  distance  that  was  varied  to 
obtain  the  robust  compound  action  potential  (CAP)  (Fig  8). 

Stimulating  electrode  Recording  electrode 


Fig.  8.  The  placement  of  the  electrodes  on  a  sciatic  nerve  segment. 


B.l.  Effects  of  PMF  on  compound  action  potential  (CAP) 

It  can  be  surmised  from  the  preceding  experiments  that  the  PMF  effect  probably  influences  the 
mechanism  of  action  potential  through  changes  in  its  initiation  and  propagation.  Therefore,  we  decided  to 
investigate  the  effect  of  PMF  exposure  on  the  sciatic  nerve,  which  represents  simpler  preparations 
without  any  synaptic  connections.  The  interpretation  of  the  PMF-induced  effect  could  then  be 
circumscribed  to  the  processes  responsible  for  generating,  modulating  and  propagating  action  potentials. 
To  investigate  the  effect  of  PMF  on  the  compound  action  potential  recorded  from  the  sciatic  nerve,  10 
experiments  were  performed.  A  typical  experiment  is  depicted  in  Fig  9.  The  averages  of  the  CAP 
amplitude  recorded  in  the  first  20  minutes  (baseline),  were  compared  to  the  averages  of  the  CAP 
amplitude  recorded  30  minutes  after  the  exposure  to  PMF.  The  PMF  increased  the  mean  amplitude  of  the 
CAP  significantly  (n=10,  187.1%,  p  =  0.005,  Fig  10).  Control  experiments  revealed,  that  the  amplitude 
of  CAP  remained  constant  for  at  least  2  hrs,  when  PMF  was  not  applied.  The  PMF-induced  amplification 
of  the  amplitude  of  the  compound  action  potential  occurred  independently  on  electrical  stimulation  used 
to  induce  neuronal  activity.  When  the  electrical  stimulation  was  discontinued  during  PMF  exposure, 
there  was  still  an  increase  in  CAP  amplitude  (Fig  1 1). 
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Fig.  9.  A  representative  experiment  demonstrating  the  influence  of  PMF  on  CAP.  A  —  The  upper  and 
lower  potentials  represent  the  CAP  before  and  after  PMF  exposure,  respectively.  B  -  the  change  in  the 
amplitude  of  CAP  during  entire  experiment;  "PMF  on/PMF  off  indicates  initiation  and  termination  of 
the  magnetic  field  exposure,  respectively. 
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Fig.  10.  The  influence  of  PMF  on  CAP  recorded  from  the  sciatic  neiwe.  The  bars  show  the  averages  of  10 
experiments,  performed  on  ten  different  segments  of  the  sciatic  neiwe  prepared  from  eight  mice.  BL 
refers  to  the  baseline-recording  period.  The  PMF  bar  represents  the  recordings  at  the  maximal  effect  of 
the  PMF.  PMF  significantly  increased  the  compound  action  potential  (n=10,  187.1%,  p  =  0.005). 
Wilcoxon  signed  ranks  test,  for  2  related  samples  was  used. 
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Fig.  11.  PMF  effect  was  independent  of  the  concurrent  electrical  stimulation  used  to  evoke  CAP.  The 
recording  was  followed  for  20  minutes  and  then  the  electrical  stimulation  was  stopped  during  the  30 
minutes  exposure  to  PMF.  After  the  PMF  was  turned  off  electrical  stimulation  was  resumed  and 
potentials  were  followed  for  another  30  minutes.  A  -  An  example  of  a  typical  experiment:  the  upper  part 
of  the  graph  represent  potentials  recorded  before  and  after  PMF  exposure  and  the  lower  part  of  the 
graph  shows  the  potential  amplitude  that  was  followed  throughout  the  experiment  except  the  period  of 
PMF  exposure.  Note  that  during  PMF  exposure  no  electrical  stimulation  was  applied  and  no  records  of 
CAP  were  taken.  B  -  Bars  represent  the  averages  that  were  taken  from  the  baseline  period  (BL)  and  at 
the  maximal  effect  after  the  PMF  exposure  (PMF).  PMF  induced  significant  increase  of  the  CAP 
amplitude  (n=ll,  p=0.002,  185. 7%,  Wilcoxon  signed  ranks  test). 
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We  have  also  investigated  the  influence  of  PMF  on  the  axonal  threshold.  In  most  of  the  experiments,  0.1 
V  was  the  lowest  strength  used  to  evoke  the  lowest  compound  action  potential,  and  for  maximal  strength 
one  Volt  was  used.  Any  stimulus  strengths  above  one  Volt  were  considered  supra  maximal.  During  the 
baseline  period  of  each  experiment,  one  recording  was  taken  at  the  strength  of  each  stimulus  and 
repeated  after  the  PMF  exposure.  Note  that  the  same  electrical  stimulus  strength  evoked  higher  CAP 
amplitude  after  the  PMF  exposure.  Figure  12  shows  that  the  PMF  reduced  the  threshold 


Fig.  12.  Effects  of  PMF  on  the  sciatic  nerve  threshold.  The  stimulus  strength  ranging  from  0.1  V  to  4.5  V 
was  applied  to  the  sciatic  nerve  preparation  before  (•  •)  and  after  ( A  A)  the  exposure  to  PMF.  Eight 
measurements  (one  measurement  at  each  value  of  stimulus  strength)  were  taken  from  each  experiment 
before  PMF  exposure  (solid  circles)  and  another  eight  measurements  were  taken  after  the  PMF  exposure 
(solid  triangles).  The  PMF  shifted  the  threshold  curve  to  the  left,  which  suggests  reduction  in  the  axons 
threshold.  That  left  shift  was  statistically  significant  in  all  stimulus  strength  values  (p<0.05,  n=8)  except 
at  0.1V  (p>0.05,  n=8,  paired  Samples  t  test).  Each  point  on  the  graph  represents  the  average  of  eight 
experiments. 

significantly  (n  =  9,  p<0.05)  in  all  stimulus  strengths  except  at  0.1  V,  where  the  reduction  of  the 
threshold  was  small  and  statistically  insignificant  (p>0.05). 

B.  2.  The  effect  of  PMF  on  sodium  channels 

The  experiments  previously  described,  suggest  that  Na+  and  K+  channels  are  involved  in  the  mediation  of 
the  PMF-induced  effect.  Therefore  the  effects  of  PMF  on  CAP  was  studied  in  the  presence  of  lOnM  TTX 
(a  potent  sodium  channel  blocker). 

After  stable  baseline  recordings  were  established,  TTX  (lOnM)  was  added  to  the  recording 
chamber.  TTX  significantly  reduced  the  CAP  amplitude  (p  =  0.009,  68.2%,  n  =  6).  Fig  13  A  and  B  show 
a  typical  experiment  and  the  average  of  all  data,  respectively.  When  the  amplitude  of  the  potential 
stabilized  at  its  minimum  value  after  the  addition  of  TTX  (15-20  minutes),  the  PMF  was  applied  for  30 
minutes.  The  depressive  effect  of  TTX  was  not  only  eliminated  within  first  10  minutes  of  the  PMF 
application,  but  was  reversed  to  amplification  in  the  later  stages  of  the  PMF  exposure  (p=0.027,  80%  ± 
55%,  n=6).  Figure  13A  shows  a  representative  experiment  showing  the  CAP  potentials  and  the  change  in 
their  amplitudes  depicted  as  the  upper  and  lower  parts  of  the  graph,  respectively.  The  bars  in  figure  13B 
represent  the  averages  of  potentials  recorded  during  three  periods  of  the  experiment:  1)  baseline  (before 
the  addition  of  TTX  and  the  PMF  exposure)  marked  as  (BL);  2)  at  the  maximal  of  the  depressive  effect 
of  TTX  (TTX)  and  3)  at  the  maximal  amplification  after  the  PMF  exposure  (PMF).  We  have  also 
investigated  the  effect  of  the  PMF  on  CAP  in  the  presence  of  lidocaine,  a  strong  local  anesthetic  whose 
action  is  mediated  by  the  blocking  of  sodium  channel.  After  stabilization  of  the  potential,  lidocaine  (150 
pM)  was  added  to  the  recording  chamber.  It  significantly  reduced  the  amplitude  of  the  compound  action 
potential  (p  =  0.0005,  n  =  8).  When  the  amplitude  of  the  potentials  stabilized  at  its  minimum  value  after 
the  addition  of  lidocaine  (15  -20  minutes),  the  PMF  was  turned  on  for  thirty  minutes.  Surprisingly,  the 


439 


Ahmed  and  Wieraszko 


PMF  reversed  the  depressive  effect  of  lidocaine  within  7-10  minutes  (Fig  14A).  The  reversal  effect  of  the 
PMF  was  significant  (p  =  0.0005,  n  =  8,  Fig  14B).  Washing  away  the  lidocaine  amplified  the  potential 
even  further  (p  =  0.003,  n  =  8).  Figure  14A  depicts  a  typical  experiment  that  shows  the  potential  shape 
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Fig.  13.  The  influence  of  PMF  on  TTX-induced  depression  of  CAP.  A  —  A  representative  experiment. 
Following  15  minutes  of  baseline,  TTX  was  added  to  the  recording  chamber.  TTX  reduced  the  CAP 
significantly  (p=0.009,  68.2%).  After  the  recording  in  the  presence  of  TTX  showed  stability’,  PMF  was 
turned  on  for  30  minutes.  It  reversed  the  TTX-induced  depression  and  in  later  stage  it  significantly 
amplified  the  potential  over  the  baseline.  B  -  the  averages  of  the  potentials  recorded  during  different 
stages  of  the  experiment:  the  baseline  (BL),  after  TTX  addition  (TTX)  and  after  PMF  exposure  (PMF). 
PMF  significantly  reversed  the  effect  of  TTX  and  increased  the  CAP  significantly  (p=0.006,  80%,  n=6, 
paired  samples  t-test). 
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and  amplitude  at  different  periods  of  the  experiment.  Bars  in  Figure  14B  represent  the  average  potential 
for  different  periods  of  the  experiments. 

In  control  experiments  (no  PMF)  the  potential  depressed  by  lidocaine  was  followed  for  over  an 
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Fig.  14.  The  influence  of  PMF  on  lidocaine-induced  depression  of  CAP.  A— A  representative  experiment 
demonstrating  the  depression  of  CAP  by  lidocaine  (150/jM)  and  the  reversal  of  lidocaine ’s  action  by 
PMF  exposure.  B  -  The  magnitude  of  CAP  in  baseline  (BL),  after  the  addition  of  lidocaine  (Lid),  after 
PMF  exposure  (PMF),  and  after  lidocaine  was  washed  away  (Washed).  Lidocaine-induced  attenuation 
of  CAP  (p=0.0005,  n=8),  was  reversed  by  PMF  exposure  (p  =  0.0005,  n  =  8,  paired  t-test).  The  increase 
that  was  induced  by  PMF  exposure  was  significantly  higher  than  the  mean  of  the  CAP  of  the  baseline 
(p=0.04).  Washing  of  lidocaine  away  induced  additional  increase  in  CAP  amplitude,  which  exceeded  the 
value  of  the  potentials  recorded  after  PMF  exposure  (p=0.003 ).  * denotes  a  statistically  significant 
difference  (p<0.05)  between  the  baseline  and  after  the  addition  of  lidocaine.  ** denotes  a  statistically 
significant  difference  (p<0.05)  between  after  PMF  and  after  washing  and  both  baseline  and  lidocaine. 
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hour  and  no  spontaneous  recovery  was  observed,  unless  the  lidocaine  was  washed  away  with  fresh 
Ringer's  solution  (Fig  14B). 

The  results  of  experiments  with  lidocaine  and  TTX  inspired  us  to  investigate  the  idea,  that  PMF 
amplifies  the  action  potential  by  modifying  the  gating  process  of  the  sodium  channel.  To  verify  our 
assumption  we  used  veratridine,  which  modifies  inactivation  gate  and  induces  a  persistent  activation  of 
the  sodium  channel  (Hille,  2001).  In  the  sciatic  nerve  preparation  veratridine  did  not  change  the  size  of 
CAP  (n  =  10,  p  =  0.619)  but  reversed  the  action  of  the  PMF  from  facilitation  to  depression  (p  =  0.002). 
These  results  indicate  that  the  PMF  potentiated  the  effect  of  veratridine  probably  by  facilitating  its 
binding  ability. 

B.3.  The  pulsed  magnetic  field  frequency  and  its  effect  on  CAP. 

We  have  also  investigated  the  influence  of  magnetic  field  frequency  on  the  changes  in  the  CAP 
amplitude.  Five  frequencies  have  been  selected:  0.5  Hz,  0.16  Hz,  0.07  Hz,  0.03  Hz,  0  Hz  (static).  The 
static  magnetic  field  was  used  to  compare  the  results  obtained  on  sciatic  nerve  with  our  previous  data  on 
hippocampal  slices  (Wieraszko,  2000).  Interestingly,  although  the  static  magnetic  field  initially  reduced 
the  CAP,  (n  =  16,  p  =0.0009),  it  induced  recovery/amplification  of  the  potential  in  the  later  stage  of  its 
application  (p  =  0.481,  Fig.  15  and  16). Figure  15  shows  an  example  of  a  typical  experiment  that 
represents  the  amplitude  of  the  potential,  and  Fig  1 6  depicts  the  potential  shape  at  different  stages  of  the 

experiment. 


> 

E 


CL 

< 

o 

H— 

o 

(U 

T3 

13 


Q_ 

E 

< 


0  1= 


Static  magnetic 
field  on 

/ 

Static  magnetic 

"  ■*«  *  field  off 


/ 


10  30  SO  ^0  90 

Time  (min) 


Fig.  15.  A  representative  experiment  showing  the  influence  of  static  magnetic  field  on  CAP  recorded 
from  the  sciatic  nerve.  Static  magnetic  field  induced  biphasic  effect:  depression  phase  during  the 
application  of  field  and  recovery’/amplification  phase  after  the  termination  of  the  field. 
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Fig.  16.  Three  waveforms  show  the  shape  and  the  amplitude  of  CAP:  before  (1),  during  (2),  and  after  (3) 
exposure  to  the  static  magnetic  field.. 

The  influence  of  different  frequencies  of  PMF  on  the  magnitude  of  CAP  is  shown  in  Fig  17. 
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Fig.  17.  The  influence  of  different  frequencies  of  PMF  on  CAP  recorded  from  the  sciatic  nerve.  The  bars 
represent  the  percentage  of  control  calculated  as  the  difference  between  the  average  before  and  after  the 
PMF  exposure  divided  by  the  average  before  PMF  exposure.  The  numbers  above  the  bars  represent  the 
p  value,  which  was  calculated  using  one  sample  t  test.  The  difference  between  groups  was  statistically 
significant  One  way  ANOVA  was  used  (F  =  7.566,  p  =  0.0002). 
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C.  Discussion. 

Our  findings  support  our  previous  reports  on  the  effect  of  PMF  on  the  nervous  system  (Trabulsi 
et  al.,  1996;  Wieraszko,  2000;  Wieraszko,  2004;  Wieraszko,  et  al.,  2004).  The  effect  was  frequency- 
dependent  and  mediated  by  synaptic  and  non-synaptic  mechanisms.  The  enhancement  of  the  paired- 
pulse  facilitation  (PPF)  implies  PMF-induced  modulation  of  presynaptic  mechanism,  most  likely  the 
processes  regulating  neurotransmitter  release.  This  supports  our  previous  results  demonstrating  PMF- 
induced  reduction  in  glutamate  uptake  (Wieraszko  et  al.,  2005).  One  can  hypothesize,  that  PMF-induced 
decrease  in  Ca2+  buffering,  amplification  of  Ca2+  release  from  the  internal  stores,  and/or  increase  of  the 
influx  of  Ca2+  through  calcium  channels  at  the  pre-synaptic  terminal  may  be  involved  in  observed  effects. 

The  result  from  the  experiments  with  antidromic  stimulation  of  the  hippocampal  slices  provided 
the  first  clue  toward  the  axonal  involvement  in  the  PMF-induced  increase  in  excitability.  When  synaptic 
transmission  was  blocked,  the  PMF  was  effectively  inducing  an  increase  in  the  antidromically  recorded 
population  spike.  Further  analysis  of  the  result  of  these  experiments  indicated  that  the  population  spike 
amplification  was  not  due  to  an  increase  in  the  number  of  firing  neurons  but  resulted  from  an  increase  in 
excitability  of  the  same  population  of  neurons.  This  assumption  was  further  supported  by  the 
experiments  performed  on  sciatic  nerve.  The  compound  action  potential  (CAP),  recorded  from  this 
preparation  was  permanently  amplified  following  PMF  exposure.  This  amplification  was  correlated  with 
PMF-induced  reduction  in  the  axonal  threshold.  The  plateau  of  curve  illustrating  the  relationship  between 
CAP  amplitude  and  the  strength  of  the  stimulus  was  similar  in  the  exposed  and  unexposed  preparations. 
This  supports  the  conclusion  that  the  PMF-induced  increase  in  the  CAP  amplitude  was  due  to  an  increase 
in  excitability  of  the  same  population  of  axons  and  not  by  the  recruitment  of  new  axons. 

PMF  has  been  shown  not  only  to  reverse  the  depressive  action  of  TTX  and  lidocaine,  but  to  amplify  the 
CAP  at  a  later  time  in  the  experiment.  Apparently,  PMF  exposure  changed  the  properties  of  sodium 
channel  reducing  its  affinity  for  both  ligands.  Local  anesthesia  drugs  such  as  lidocaine  can  shed  more 
light  on  how  PMF  induced  hyperexcitability.  In  the  presence  of  lidocaine  sodium  channel  inactivation  is 
greatly  amplified.  Hyperpolarization  of  the  cell  membrane  is  needed  to  relieve  this  inactivation  of  the 
channel  (Hille,  2001).  Theoretically,  lidocaine  binds  to  a  site  inside  the  channel  pore  and  its  binding  is 
voltage  dependent.  Since  depolarization  is  needed  for  the  drug  to  block  the  channel,  it  is  assumed  that 
lidocaine  binds  more  tightly  to  an  inactivated  sodium  channel  (Hille  2001).  These  phenomena  can 
explain  why  the  PMF  eliminated  the  lidocaine  effect  on  sodium  channels.  Hyperpolarization  of  the  cell 
membrane  by  PMF  initiates  following,  sequentially  occurring  events:  1)  it  opens  the  inactivated  gate 
more  readily;  2)  it  loosens  drug  binding;  3)  it  makes  the  drug  more  prone  to  site  dissociation.  However, 
hyperpolarization  cannot  alone  explain  all  the  PMF  induced  effects  mentioned  above,  and  experiments 
with  TTX  suggest  that  PMF  exposure  induces  also  changes  in  the  channel  protein  confirmation.  TTX 
binds  to  the  extracellular  site  of  the  sodium  channel  in  a  voltage-independent  way,  blocking  stimulated 
and  non-stimulated  axons.  Since  TTX  does  not  react  with  the  channel  gating  system  hyperpolarizing  of 
the  cell  membrane  would  not  affect  the  action  of  TTX.  Therefore,  the  changes  in  the  channel  protein 
conformation,  not  change  in  the  membrane  potential  could  explain  the  effect  of  PMF  on  TTX-sodium 
channel  interaction. 

PMF  induced  effect  was  blocked  by  veratridine.  Veratridine  reduces  the  conduction  of  sodium  channel 
and  prevents  its  inactivation  (Hille  2002).  The  action  of  veratridine  is  activity-dependent  and  it  does  not 
affect  the  activation  gate  of  sodium  channels.  Veratridine  modifies  the  inactivation  gate  of  sodium 
channels  and  the  lifetime  of  that  modification  is  in  milliseconds.  The  reaction  of  the  drug  (binding  and 
unbinding)  develops  from  the  open  state  of  sodium  channel  (Hille,  1968;  Sutro  1968;  Leibowitz  et  al. 
1986;  Wang  et  al.  1990).  The  dependence  of  veratridine  action  on  the  open  state  of  sodium  channel 
explains  the  cooperative  effect  between  the  PMF  and  veratridine  actions.  The  PMF  increased  the  rate  of 
activation  of  sodium  channels  and  that  in  turn  intensified  the  action  of  veratridine.  Thus,  veratridine 
together  with  PMF  reduced  the  amplitude  of  CAP2.  Being  that  PMF  did  not  reverse  the  action  of 
veratridine,  it  means  that  the  PMF  effect  on  the  shape  of  the  channel  protein  is  specific.  If  the  change  in 
the  channel  complex  is  general,  it  would  have  affected  its  affinity  to  all  three  antagonists.  Instead,  the 
PMF  changed  the  affinity  of  lidocaine  and  TTX  and  reversed  their  actions,  but  it  did  not  diminish  the 
affinity  for  veratridine.  Just  to  the  opposite,  it  intensified  its  action.  This  observation  points  to  the 
probability  of  the  presence  of  particular  sites  in  the  channel  complex  with  different  sensitivities  to 
magnetic  field  exposure. 
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Although  the  PMF  used  in  this  study  is  a  very  specific  form  of  magnetic  field  spectmm,  the  findings  and 
their  analysis  can  be  applied  as  a  basis  for  other  magnetic  field  forms  biological  effects.  Magnetic  field  in 
general  is  approved  to  be  beneficial  as  an  adjunct  therapy  in  medicine  (see  review  by  Shupak,  2003).  The 
lack  of  mechanisms  of  magnetic  field  action  hindered  its  research  toward  therapeutics  (Rubik,  1997). 
Here  we  introduced  a  mechanistic  basis  for  their  effect,  which  would  help  and  guide  clinicians  and 
researchers  to  the  best  possible  utilization  of  magnetic  field  in  the  treatment  of  the  pathology.  A  clinical 
based  research  could  test  the  effect  of  PMF  on  the  peripheral  nervous  system  on  humans. 
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Abstract 

During  resent  years  our  studies  have  been  focused  on  the  effect  of  modulated  low-level  microwaves  on  human 
EEG  rhythms.  In  this  study  the  experiments  with  450  MHz  microwave  modulated  at  40  Hz  and  70  Hz 
frequencies  were  carried  out  on  a  group  of  15  volunteers.  The  field  power  density  at  the  scalp  was  0.16  mW/cm2. 
Ten  cycles  of  the  exposure  (1  min  on  and  1  min  off)  with  each  modulation  frequency  were  applied.  The  energies 
of  8  EEG  channels  FP1,  FP2,  T3,  T4,  P3,  P4,  Ol  and  02  were  analysed  for  individuals  by  two  different 
methods:  nonlinear  method  of  scaling  analysis  for  length  distribution  of  low  variability  periods  (LDLVP)  and 
relative  changes  in  EEG  energy  between  segments  with  and  without  exposure  (5-parameter).  Statistical  analysis 
of  the  calculated  measures  with  post-hoc  Bonferroni  correction  by  approach  with  a  0.05  confidence  level  was 
applied. 

The  exposure  caused  increase  of  the  EEG  energy;  changes  were  stronger  in  temporal  and  parietal  regions  and 
EEG  beta  rhythms.  Statistically  significant  changes  in  EEG  were  detected  for  4  subjects  (26.7%)  with  40  Hz 
modulation  frequency.  The  rate  of  multiple  chemical  sensitivity  (between  2  and  10  %)  is  even  lower  than 
sensitivity  to  microwave. 

Keywords:  EMF  effects,  nonionising  radiation,  microwave  radiation,  time  variability,  scaling  analysis,  spectral 
analysis,  EEG  rhythms. 
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Introduction 

The  nervous  system  has  been  thought  to  be  most  sensitive  to  external  electromagnetic  field  (EMF)  since  there  is 
a  tremendous  electrical  activity  in  neural  processes.  Information  processing  and  transmission  in  nervous  system 
is  based  on  bioelectromagnetic  phenomena.  Therefore,  can  be  expected  that  EMF  effects  at  system  level  appear 
most  likely  in  nervous  system. 

Modulated  microwave  radiation  at  non  -  thermal  level  of  field  power  density  can  affect  human  central  nervous 
system  in  a  sensible  way.  Except  in  unhealthy  artificial  conditions  the  effect  is  weak  and  difficult-to-detect. 
Reports  of  possible  non-thermal  EMF  effects  are  often  contradictory  and  the  difficulties  in  independent  repeating 
of  the  experimental  results  cause  doubts.  Mechanisms  behind  the  effects  are  still  unclear.  Several  investigators 
have  reported  that  low-level  exposure  produces  alterations  in  the  EEG  signal  and  brain  behavior  [1  -  7],  while 
others  conclude  that  exposure  to  electromagnetic  field  does  not  alter  resting  EEG  [8,  9]. 

In  our  previous  studies  the  relative  changes  in  the  EEG  rhythms  energy  caused  by  microwave  radiation 
modulated  inside  the  EEG  physiological  spectrum  at  frequencies  7  Flz,  14  Flz  and  21  Flz  were  investigated  [10]. 
The  conclusion  was  that  the  effect  produced  by  microwave  radiation  has  a  clear  frequency  dependence  and 
increases  with  modulation  frequency.  The  influence  of  microwave  with  modulation  frequency  217  Flz  - 
technical  frequency  much  higher  than  the  EEG  rhythms  -  has  been  also  reported  to  produce  statistically 
significant  changes  in  time  variability  and  intensity  of  the  EEG  signal  for  10-20%  of  healthy  subjects  [11]. 

This  study  is  aimed  to  evaluate  the  effect  of  microwave  modulated  with  intermediate  frequencies  40  Flz  and  70 
Flz.  The  same  exposure  conditions  utilized  in  our  previous  studies  were  applied.  Two  methods  were  selected  for 
EEG  analysis:  scaling  analysis  of  length  distribution  of  low  variability  periods  (LDLVP)  as  sensitive  to  signal 
time  variability  [12]  and  relative  change  in  the  EEG  energy  of  segments  of  the  signal  with  and  without  exposure 
as  sensitive  to  the  changes  in  signal  level  [6], 


Method  and  equipment 

Subjects 

An  experimental  study  was  carried  out  on  a  group  of  volunteers.  The  group  consisted  of  15  young  persons  (aged 
21-24):  8  male  and  7  female.  Their  physical  and  mental  condition  (tiredness,  sleepiness)  before  the  experiment 
was  evaluated  by  a  questionnaire  and  a  clinical  interview.  All  the  subjects  selected  were  healthy,  without  any 
medical  or  psychiatric  disorders;  tired  or  sleepy  people  were  excluded.  After  the  recordings,  they  described  how 
they  felt  during  the  experiment.  The  subjects  reported  neither  alertness  nor  any  strain  experienced  during  the 
recordings. 

The  experiments  were  conducted  with  the  understanding  and  written  consent  of  each  subject.  The  study  was 
conducted  in  accordance  with  the  Declaration  of  Flelsinki  and  has  been  formally  approved  by  the  local  Medical 
Research  Ethics  Committee. 

The  measurements  were  performed  in  a  dark  laboratory,  but  no  other  special  conditions  were  provided.  The 
subjects  lay  in  a  relaxed  position,  with  eyes  closed  and  ears  blocked  during  the  experiments. 

All  the  subjects  were  exposed  and  sham  exposed.  Only  one  experimental  EEG  recording  was  performed  for  a 
subject  during  a  day.  The  measurements  were  double  blinded.  During  each  test  session,  the  exposed  and  sham- 
exposed  subjects  were  randomly  assigned.  The  subjects  were  not  informed  of  their  exposure;  however,  they  were 
aware  of  the  possibility  of  being  exposed.  Subjective  factors  were  also  excluded  from  the  computer-performed 
data  analysis:  the  same  algorithms  were  applied  for  all  the  recordings  (both  for  exposed  and  sham-exposed 
subjects). 

Microwave  Exposure 

The  modulated  microwave  radiation  at  non-thermal  level  of  field  power  density,  identical  to  our  previous  studies 
[5,  6,  10,  11,  12],  was  used.  Microwave  exposure  conditions  were  the  same  for  all  subjects. 
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The  450  MHz  microwave  radiation  was  generated  by  the  Rhode  &  Swartz  (Germany)  signal  generator  model 
SML02.  The  RF  signal  was  100%  amplitude  modulated  by  the  pulse  modulator  SML-B3  at  40  or  70Hz 
frequency  (duty  cycle  50%).  The  generator  signal  was  amplified  by  the  Dage  Corporation  (USA)  power 
amplifier  model  MSD-2597601.  Located  in  the  laboratory,  the  generator  and  amplifier  were  carefully  shielded. 
The  1W  EMF  output  power  was  guided  by  a  coaxial  lead  to  the  13cm  rod  antenna  NMT450  RA3206  by  Allgon 
Mobile  Communication  AB,  Sweden,  located  10  cm  from  the  subject's  skin  on  the  left  side  of  the  head. 

The  calculation  of  the  specific  absorption  rate  (SAR)  inside  the  brain  was  based  on  the  known  field  power 
density  on  skin.  The  Central  Physical  Laboratory  of  the  Estonian  Health  Protection  Inspection  measured  the 
spatial  distribution  of  the  microwave  power  density  by  the  Fieldmeter  C.A  43  Chauvin  Arnoux  (France)  field 
strength  meter.  The  calibration  curves  of  the  field  power  density  dependence  on  the  distance  from  the  radiating 
antenna  were  obtained  from  these  measurements  taken  in  the  actual  conditions  of  the  experiment.  During  the 
experiments,  the  stability  of  the  microwave  level  was  monitored  by  the  IC  Engineering  (USA)  Digi  Field  C  field 
strength  meter. 

Estimated  from  the  measured  calibration  curves,  the  field  power  density  at  the  skin  was  0.16  mW/cm2.  The  level 
of  power  density  was  so  low  that  thermal  effects  were  extremely  unlikely. 

Recording  protocols  and  equipment 

The  study  consisted  of  three  experimental  protocols,  identical  for  all  subjects.  The  first  protocol  was  recorded  as 
described  below. 

First,  the  reference  EEG  was  recorded  over  60  s. 

Secondly,  modulated  microwave  radiation  was  applied.  The  duration  of  the  exposure  was  60  s,  and  the 
compensatory  pause  after  the  exposure  was  60  s.  Continuous  EEG  recordings  were  made  during  and  60  s  after 
exposure.  The  procedure  of  the  cycle  was  repeated  ten  times.  The  microwave  exposure  was  switched  on  every 
first  60  s  of  the  cycle.  During  ten  cycles  of  microwave  exposure,  the  modulation  frequency  always  remained  at 
40  Hz. 

The  recording  protocol  for  one  subject  lasted  for  21  min,  during  which  the  EEG  was  continuously  recorded. 

The  second  protocol  included  the  same  steps,  except  that  the  modulation  frequency  was  70  Hz  and  the  third 
protocol  for  the  sham-exposure  included  also  the  same  steps,  except  that  the  microwave  generator  was  switched 
off. 

The  Cadwell  Easy  II  EEG  measurement  equipment  was  used  for  the  EEG  recordings.  The  EEG  was  recorded  by 
means  of  19  electrodes,  placed  on  the  subject's  head  according  to  the  international  10-20-electrode  position 
classification  system,  with  Cz  as  reference.  The  EEG  recordings  were  stored  on  a  computer  at  a  sampling 
frequency  of  400  Hz.  The  recorded  EEG  signals  were  examined  by  an  experienced  neurologist.  Artifacts  were 
detected  by  visual  inspection.  The  recordings  containing  multiple  artifacts  were  removed,  and  the  whole 
recording  was  repeated. 

The  pre-processing  of  the  signals  was  performed  in  the  LabVIEW  programming  and  signal-processing 
environment.  The  EEG  spectrum  0.5  -  39  Hz  was  selected  for  the  analysis.  The  results  of  the  preceding 
validation  of  the  set-up  confirmed  the  absence  of  modulation  components,  caused  by  parasitic  interference 
between  EEG  and  radio  frequency  equipment. 


Analysis  of  the  EEG  based  on  the  LDLVP  method 

Initially,  all  the  EEG  recordings  were  divided  into  two  sub-signals.  The  recordings  performed  with  the  first  and 
second  recording  protocol  were  divided  as  follows: 

the  first  subsignal  contained  all  1  min  periods  without  microwave  exposure  (all  the  odd  minutes  from 
the  initial  EEG  recording), 

the  second  subsignal  contained  all  minutes  with  microwave  exposure  (all  even  minutes  of  the  initial 
EEG  recording). 

The  recordings  performed  with  the  sham  recording  protocol  were  divided  similarly: 
the  first  sham  subsignal  contained  all  the  odd  minutes, 
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the  second  sham  subsignal  contained  all  the  even  minutes  of  the  initial  recording. 

The  scaling  analysis  utilizing  LDLVP  method  was  applied  for  two  sub-signals. 

The  LDLVP  method  has  been  used  and  described  in  details  in  our  previous  studies  [12  -  14].  Here  we  provide  a 
brief  summary  of  this  method. 

First,  we  define  the  local  variability  as  the  deviation  of  the  current  value  of  the  signal  from  the  local  average 

772 

SV(t)  =  V(t)-T1  \v(t  +  r)dr,  (1) 

-772 

where  V(t)  is  the  recorded  voltage,  and  the  time-window  width  T  is  a  free  (adjustable)  parameter.  For  EEG 
signals,  a  reasonable  value  is  provided  by  T=  60  ms  [14]. 

Secondly,  low-variability  periods  are  defined  as  continuous  intervals  with 

8V(t)<8 o.  (2) 

Finally,  the  number  of  low- variability  periods  N  exceeding  length  T0  is  plotted  against  length  T0,  see  Figure  1. 


The  value  of  S0  was  adjusted  for  each  recording  individually,  reaching  a  minimum  value  so  that,  for  both 
subsignals,  the  length  of  the  longest  low-variability  period  was  at  least  3750  ms. 


The  hypothesis  of  this  work  was  that  microwave  exposure  increases  EEG  variability.  Owing  to  higher 
variability,  there  are  fewer  long  low-variability  periods.  Therefore  it  is  expected  that  microwave  exposure 
decreases  the  area  of  the  T0(N)  -curve  (see  Fig  1),  due  to  faster  cut-off  at  large  values  of  T0.  According  to  this 
assumption,  the  weighted  area 
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of  the  function  T0  =  T0(N)  was  selected  as  the  non-linear  quantitative  measure. 


(3) 


Analysis  of  the  EEG  based  on  the  ^-parameter  method 

Relative  changes  in  the  EEG  energy  between  segments  with  and  without  exposure  ^parameter  was  selected  as  a 
measure  for  detection  of  the  effect  on  signal  intensity. 


The  analysis  method  was  applied  in  our  previous  study  [10],  except  for  different  comparison  intervals.  The 
energies  of  the  different  EEG  rhythms  were  analyzed  separately.  Average  energies  for  segments  with  and 
without  stimulation  were  compared.  The  first  30  s  of  a  60  s  recording  segments  with  and  without  stimulation 
were  selected  as  intervals  for  comparison.  The  average  energy  of  an  arbitrary  comparison  interval  was  calculated 
for  the  recording  segment  as  follows: 

1  N  2 

7=T7EWr)l  (4) 

tv  r=1 


where  x  is  the  amplitude  of  the  recorded  signal  and  N  is  the  number  of  samples,  during  30  seconds  N=  12000. 
The  relative  change  in  the  energy  of  the  recording  segments  with  and  without  stimulation  was  selected  for 
further  analysis.  Finally,  parameter  S  was  calculated  as  follows: 

f  \ 


S  = 


1  x  100% 


(5) 


where  Si  and  S2  were  the  average  energies  inside  the  comparison  intervals  without  and  with  stimulation 
respectively.  For  sham  recordings  the  same  parameter  was  calculated  for  comparison  intervals  as  even  and  odd 
minutes  of  the  recordings. 


At  first,  the  energies  of  the  four  basic  EEG  rhythm  frequencies,  theta  (4-7  Hz),  alpha  (8-13  Hz),  betal  (15  - 
20  Hz)  and  beta2  (22  -  38  Hz),  were  extracted  from  the  total  EEG  signal  (0.5  -  48  Hz)  by  filtering.  The 
parameter  S  was  calculated  separately  for  the  EEG  energies  of  the  theta,  alpha,  betal  and  beta2  rhythms. 
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Signal  processing  and  calculation  of  parameters  were  performed  in  the  Lab  VIEW  programming  and  signal 
processing  environment. 


Statistical  analysis 


For  sham  recordings,  sub-signals  were  completely  equivalent.  The  mathematical  expectation  of  the  difference  in 
their  spectral  powers  is  zero,  (WQ  ~Wlj  =  0 .  Next,  an  estimate  of  the  variance  could  be  obtained  as  the  mean 
of  squared  differences: 


1  15 

a/ !=Ty 

7  15 


(IS) 


According  to  the  “zero  hypothesis”,  the  EEG  recordings  of  subjects  under  microwave  exposure  cannot  be 
distinguished  from  sham  signals.  Thus,  the  “zero  hypothesis”  implies  that  (W0  —  Wl  \  =  0  and 

a\ 

Consequently,  if  the  zero  hypothesis  is  true,  the  quantity 


xf  = 


=  K„-wwf  (J ;  is  an  /-distributed  random  quantity,  the  cumulative  distribution  of  which  is 


routinely  designated  as  F1i15(xj);  the  indices  1  and  15  stand  for  the  numbers  of  the  degrees  of  freedom. 
Accordingly,  the  ratio  of  the  computed  power  difference  to  the  standard  deviation  of  the  differences  can  be  used 
as  a  quantitative  measure,  showing  how  well  the  zero  hypothesis  is  satisfied;  respective  p-values  are  obtained  by 
means  of  the  cumulative  /-distribution: 


O , 


(7) 


P  f  ~  ^1,15  Wonf  W Inf  )  w  / 

The  same  technique  has  been  applied  to  the  non-linear  quantitative  measure  (derived  from  LDLVP),  resulting  in 
another  two  series  of /?- values  for  recordings  at  modulation  frequency  40  Hz  and  70  Hz. 


For  post  hoc  analysis  the  modified  Bonferroni  correction  was  applied  according  to  which  the  smallest  p-value  is 
to  be  multiplied  by  the  number  of  data  points  15,  the  second  smallest  is  to  be  multiplied  by  15/2=7.5  etc. 


Results 


The  results  of  LDLVP  analysis  for  a  subject  are  presented  in  Figure  1.  The  number  of  low-variability  periods  N 
exceeding  the  length  T0  is  plotted  versus  the  length  T0  for  the  first  and  second  sub-signal  for  exposed  recording. 
As  can  be  seen,  microwave  exposure  lowers  the  curve  at  the  right-hand  part  of  the  graph  (large  values  of  T0). 
Such  a  change  in  curve  indicates  that  microwave  exposure  increases  variability  of  the  EEG  signal:  owing  to 
higher  variability  there  are  fewer  long  low  variability  periods. 


Figure  1.  The  number  of  low-variability  periods  N  exceeding  the  length  T0  for  a  significant  subject:  black  line  (a) 
-  second  sub-signal  of  exposed  recording  (intervals  with  microwave);  grey  line  (b)  -  first  sub-signal  of  exposed 
recording  (intervals  without  microwave). 
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The  results  of  statistical  analysis  of  the  LDLVP  quantitative  measures  for  sham  and  microwave-exposed  at 
modulation  frequency  40  and  70  Hz  recordings,  calculated  for  each  subject,  are  presented  in  Table  1.  For  sham 
recordings  there  were  no  significant  results.  The  ratio  of  the  computed  power  difference  to  the  standard  deviation 

of  differences  yfx  of  more  than  three  were  considered  as  significant  deviations  from  the  zero  hypothesis  and  are 
marked  in  bold.  After  Bonferroni  correction  p-values  not  larger  than  0.05  were  considered  as  significant 
deviations  from  the  zero  hypothesis  and  are  marked  in  bold.  As  can  be  seen,  the  analysis  resulted  in  p- values 
lower  than  0.05  for  4  cases  in  the  case  of  microwave  exposure  at  modulation  frequency  40  Hz  and  none  for  70 
Hz  frequency. 


Table  1.  Calculated  using  LDLVP  method  Vx  and  p- values  as  a  result  of  Bonferroni  correction  for  different 
microwave  exposure  conditions  in  P-channels 


Frequency  band 

0.5 -39  Hz 

sqrt(x) 

p  -  value 

Subject 

sham 

40  Hz 

70  Hz 

sham 

40  Hz 

70  Hz 

1 

0.07 

0.95 

1.93 

1.000 

0.591 

0.339 

2 

-0.11 

-3.02 

-0.77 

0.582 

0.025 

0.842 

3 

1.02 

1.30 

-0.60 

1.000 

0.392 

0.836 

4 

0.81 

-0.21 

-0.60 

0.876 

0.835 

0.760 

5 

0.67 

-0.39 

1.68 

0.963 

0.812 

0.403 

6 

0.81 

-0.28 

-0.04 

0.844 

0.838 

0.972 

7 

0.98 

-0.63 

-0.98 

0.837 

0.802 

0.723 

8 

-1.23 

-1.51 

-0.11 

0.804 

0.315 

0.983 

9 

1.86 

3.69 

0.35 

0.715 

0.022 

0.912 

10 

-0.28 

2.49 

-0.21 

0.769 

0.065 

0.964 

11 

0.88 

0.46 

2.14 

1.000 

0.816 

0.336 

12 

0.00 

3.09 

-2.74 

1.000 

0.029 

0.190 

13 

-0.04 

1.93 

1.16 

1.000 

0.170 

0.781 

14 

-1.30 

-3.69 

0.77 

1.000 

0.011 

0.748 

15 

1.93 

0.49 

-1.05 

1.000 

0.857 

0.762 

The  results  of  the  S  -  parameter  analysis  for  the  whole  group  are  presented  in  Figure  2.  The  graph  illustrates  the 
effect  of  microwave  exposure  -  changes  between  exposed  and  not  exposed  segments  of  the  recordings  on 
different  EEG  rhythms  and  for  sham,  40  Hz  and  70  Hz  modulation  frequency.  As  can  be  seen,  microwave 
exposure  causes  increase  in  energy  of  the  EEG  betal  and  beta2  rhythms. 


Figure  2.  The  relative  average  changes  in  %  ( S  -  parameter)  of  the  EEG  rhythms  total  energy  of  the  recording 
segments  with  and  without  microwave  exposure  in  P  -  channels  for  the  whole  group. 

The  results  of  statistical  analysis  of  the  S  -  parameter  are  presented  in  Table  2.  For  sham  recordings  there  were 
no  significant  results.  Microwave  exposed  recordings  at  modulation  frequency  40  Hz  have  2  significant  values  in 
beta2  region. 
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Table  2.  Calculated  /(-values  for  different  EEG  rhythms  in  P-channels  as  a  result  of  analysis  by  post  -  hoc 
Bonferroni  correction  for  different  microwave  exposure  conditions 


Frequency 

band 

/7-value 

Theta 

Alpha 

Betal 

Beta2 

Subject 

sham 

40  Hz 

70  Hz 

sham 

40  Hz 

70  Hz 

sham 

40  Hz 

70  Hz 

sham 

40  Hz 

70  Hz 

1 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.433 

1.000 

0.935 

1.000 

1.000 

2 

1.000 

1.000 

1.000 

0.612 

1.000 

1.000 

0.902 

0.664 

1.000 

0.780 

0.000 

0.053 

3 

0.342 

1.000 

1.000 

1.000 

1.000 

1.000 

0.876 

1.000 

1.000 

0.903 

0.880 

0.671 

4 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.983 

1.000 

1.000 

0.875 

1.000 

0.825 

5 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.819 

1.000 

1.000 

0.780 

1.000 

0.670 

6 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.859 

1.000 

1.000 

0.905 

1.000 

0.543 

7 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.780 

1.000 

1.000 

0.781 

1.000 

0.575 

8 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.767 

1.000 

1.000 

1.000 

1.000 

0.624 

9 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.680 

1.000 

1.000 

0.836 

0.988 

0.573 

10 

1.000 

1.000 

0.358 

1.000 

1.000 

1.000 

0.837 

0.609 

1.000 

0.800 

0.595 

0.715 

11 

0.151 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.762 

1.000 

0.840 

12 

1.000 

1.000 

1.000 

1.000 

1.000 

0.066 

0.705 

1.000 

1.000 

0.837 

1.000 

0.818 

13 

0.548 

1.000 

1.000 

0.077 

1.000 

1.000 

0.794 

1.000 

1.000 

0.757 

1.000 

0.994 

14 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.383 

0.423 

0.935 

0.003 

0.690 

15 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.268 

1.000 

1.000 

0.874 

The  graphs  of  changes  of  the  EEG  rhythms  energy  for  a  significant  subject  are  presented  in  Fig.  3.  in  this  case 
increase  in  the  EEG  beta2  rhythm  energy  is  more  clearly  indicated  than  in  Fig.  2  for  average  changes  in  the 
whole  group.  Effect  of  40  Flz  modulated  microwave  is  more  evident  than  70  Flz  modulated  microwave. 


Figure  3.  The  relative  changes  (S  -  parameter  in  %)  of  the  EEG  rhythms  total  energy  in  P  -  channels  for  a 
significant  subject. 


Discussion 

As  table  1  illustrates,  the  LDLVP  presents  the  best  outcome  at  modulation  frequency  40  Flz,  resulting  in 
significant  results  for  4  subjects.  Accordingly,  significant  effect  of  exposure  to  the  EEG  signal  was  detected  for 
26.7  %  of  subjects.  Modulation  at  frequency  70  Flz  was  not  as  effective  as  40  Flz;  however,  it  was 
distinguishable  from  sham  signals,  which  did  not  result  in  any  significant  deviation. 

Considering  the  direction  of  influence  at  modulation  frequency  40  Flz,  for  two  subjects  under  the  exposure  the 
computed  LDLVP  weighted  area  increased,  and  for  two  it  decreased.  For  all  subjects,  the  departure  from  the 
sham  behavior  is  statistically  reliable.  This  is  somewhat  different  from  what  has  been  observed  for  the 
modulation  frequency  7  Flz,  when  the  sign  of  the  departure  was  always  negative  (corresponding  to  increased 
variability)  [12].  Flowever,  a  study  at  modulation  frequency  217  Flz  resulted  with  the  outcome,  in  which  for  half 
of  the  subjects  the  computed  LDLVP  weighted  area  decreased  and  for  another  half  it  decreased  [15].  This 
observation  gives  us  a  hint  that  the  physiological  effect  of  the  microwave  stimulation  depends  on  the  modulation 
frequency  (at  least  there  is  a  difference  between  the  40,  217  Hz,  and  the  7  Hz  frequencies). 
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The  5-parameter  measures  exceeded  the  limit  of  significant  deviation  from  zero  hypothesis  also  at  modulation 
frequency  40  Hz  in  beta2  frequency  band  (Table  2),  providing  2  significant  cases  out  of  15,  that  is  13.3  %.  There 
were  no  significant  results  at  modulation  frequency  70  Hz.  In  an  earlier  study  [10]  it  was  suggested  that 
microwave  exposure  causes  a  significant  effect  when  the  modulation  frequency  is  higher  or  comparable  with 
EEG  rhythm  frequency. 

As  with  both  methods,  modulation  at  frequency  70  Hz  is  not  as  effective  as  at  40  Hz.  Here  we  can  see  that 
achieved  effect  is  probably  concentrated  to  the  lower  frequencies.  In  our  previous  study  with  modulation  inside 
the  EEG  physiological  frequencies  band  the  effect  has  been  reported  to  be  more  evident  at  higher  modulation 
frequencies  [16].  Possible  reason  is  that  40  Hz  is  quite  close  to  the  EEG  physiological  frequencies  and  the 
switching  with  brain  oscillations  more  effective. 

From  those  results  it  is  difficult  to  conclude  which  measure,  LDLVP  or  5-parameter,  is  more  effective  and 
whether  the  effect  of  modulation  frequencies  40  and  70  Hz  appear  rather  in  intensity  (5-parameter)  or  time 
variability  (LDLVP)  of  the  EEG  signals.  The  results  reported  in  our  previous  study  with  7  Hz  modulated 
microwave  lead  to  the  conclusion  that  the  effect  appears  in  time  variability  [12],  while  the  next  study  concerning 
modulation  frequency  217  Hz  concluded  that  the  effect  is  rather  in  intensity  [15]. 

From  Tables  1  and  2,  it  can  be  seen  that  the  subjects  having  significant  results  overlap.  On  the  other  hand,  with 
the  LDLVP  method,  there  are  4  significant  results  compared  to  2  with  the  5-parameter.  This  indicates  that 
microwave  stimulation  causes  different  effects  for  different  subjects  and  there  is  a  need  for  various  methods  to 
detect  those  effects. 

The  analysis  by  the  LDLVP  method  detected  the  effect  of  exposure  at  modulation  frequency  40  Hz  for  26.7  %  of 
subjects.  For  instance,  the  rate  of  multiple  chemical  sensitivity  (MCS)  occurrence  is  estimated  to  be  between  2 
and  10  %  in  the  general  population  [17].  MCS  is  characterized  by  recurrent  symptoms  involving  multiple  organ 
systems  and  occurring  in  response  to  demonstrable  exposures  to  multiple  chemically  unrelated  compounds  at 
doses  far  below  those  established  to  cause  harmful  effects.  Taking  this  into  consideration,  LDLVP  and  5- 
parameter  methods  demonstrated  good  sensitivity  detecting  the  effects  of  microwave  stimulation  at  modulation 
frequency  40  Hz. 

Main  trend  of  changes  caused  by  microwave  exposure  modulation  frequencies  was  increase  of  the  EEG  energy 
in  beta  rhythm.  Increased  beta  absolute  power  was  also  observed  in  alcohol-dependent  subjects  [18]. 


Conclusion 

1.  The  modulated  with  40  Hz  450  MHz  microwave  exposure  caused  statistically  significant  changes  in  the  EEG 
time  variability  (26.7%  of  subjects)  and  energy  variations  (13.3%  of  subjects). 

2.  Main  trend  of  changes  was  increase  in  the  EEG  beta  rhythm  energy. 

3.  The  effect  is  more  evident  with  the  modulation  frequency  closer  to  the  physiological  EEG  rhythms  band. 
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Abstract 

This  paper  proposes  novel  electric-field  (E-field)  meters  that  comprise  an  isotropic  sleeve  dipole  sensor  for  a 
wideband  frequency  range,  code  selective  receivers,  and  a  GPS  receiver. 

The  sensor  achieves  isotropy  and  a  wideband  frequency  range  with  a  high  sensitivity  level  to  measure  the 
total  exposure  ratio  from  radio  sources  in  the  in-situ  environment  including  a  scattering  domain  and  where 
multiple  radio  sources  have  different  frequencies. 

The  strength  of  the  E-field  from  a  cellular  base  station  varies  dynamically  because  the  transmission  power 
varies  depending  on  the  amount  of  communications  traffic.  Therefore,  for  cellular  operators,  it  is  important  to 
estimate  conservatively  the  exposure  ratio  from  their  base  stations  at  the  designed  maximum  transmission  power. 
A  code  selective  receiver  is  adopted  for  conservative  estimation  of  the  exposure  ratio  from  the  IMT-2000 
cellular  base  stations,  which  are  becoming  commonplace  worldwide. 

The  proposed  E- field  meters  can  accurately  assess  the  total  exposure  ratio  from  30  MHz  to  3  GHz  and  the 
profile  of  the  human  exposure  ratio  from  IMT-2000  cellular  base  stations  based  on  in-situ  measurement.  In 
addition,  we  show  that  the  exposure  ratio  from  a  typical  IMT-2000  cellular  base  station  is  less  than  1/10000  of 
the  E-field  strength  reference  level  given  in  the  ICNIRP  guidelines. 

Keywords:  IMT-2000  cellular  system;  the  ICNIRP  guidelines;  radio  receivers 

1.  Introduction 

When  starting  the  service  of  a  new  cellular  base  station,  the  E-field  strength  from  the  base  station  must  be 
below  the  E- field  reference  level  given  for  the  country  in  which  the  base  station  is  established.  Furthermore,  if 
there  are  other  radio  stations  around  the  base  station,  the  electromagnetic  environment  including  the  radio  waves 
from  the  surrounding  stations  must  be  evaluated  comprehensively.  The  reference  levels  for  the  E-field  strength 
are  different  for  each  radio  law.  However,  many  radio  laws  adopt  the  reference  levels  given  in  the  ICNIRP 
guidelines  (the  ICNIRP  reference  levels)  [1].  The  ICNIRP  reference  levels  are  different  for  each  radio  wave 
frequency.  Therefore,  if  the  E-field  strength  levels  are  evaluated  in  an  environment  where  the  radio  waves  from 
multiple  radio  stations  have  different  frequencies,  it  is  important  to  asses  the  total  exposure  ratio  considering  the 
difference  between  the  E-field  strength  levels  at  each  frequency. 

For  cellular  operators,  it  is  important  not  only  to  comply  with  the  ICNIRP  reference  levels,  but  also  to 
communicate  to  the  general  public  to  enhance  public  confidence  and  acceptability  for  radio  frequency  (RF) 
exposure  as  indicated  in  the  fact  sheet  issued  by  the  World  Health  Organization  [2].  Therefore,  an  E-field  meter 
that  accurately  assesses  the  total  exposure  ratio,  which  is  the  summation  of  the  squared  ratios  of  the  E-field 
strengths  to  the  ICNIRP  reference  levels,  in  the  in-situ  environment  is  required. 

In  order  to  enhance  public  confidence  and  acceptability  for  RF  exposure,  it  is  important  to  estimate  not  only 
the  total  exposure  ratio,  but  also  the  profile  of  the  exposure  ratio  from  a  cellular  base  station.  The  radio  waves 
from  cellular  base  stations  include  many  kinds  of  digital  modulated  waves  with  different  frequencies.  In  addition, 
the  E-field  strength  from  a  cellular  base  station  varies  dynamically  because  the  transmission  power  varies 
depending  on  the  amount  of  communications  traffic.  In  order  to  assess  the  maximum  exposure  radio  from  a 
cellular  base  station,  an  assessment  of  the  E-field  strength  from  the  base  station  at  the  maximum  designed 
transmission  power  is  required.  Therefore,  the  E-field  meter  that  accurately  assesses  the  profile  of  the  exposure 


455 


HIGASHIY  AM  A  ETAL. 


ratio  from  a  cellular  base  station  in  the  in-situ  environment  is  required  to  be  optimized  to  the  digital  modulated 

waves. 

The  objective  of  this  paper  is  to  specify,  for  such  an  E-field  meter  and  when  it  is  put  into  service  in  its 
operational  environment,  the  methods  to  assess  the  value  of  the  total  exposure  ratio  in  relevant  public-access 
areas  in  order  to  communicate  the  risk  to  the  general  public. 

This  paper  proposes  the  following  two  E-field  meters. 

a)  An  E-field  meter  for  assessing  the  total  exposure  ratio. 

b)  An  E-field  meter  for  assessing  the  profile  of  exposure  ratio  from  a  cellular  base  station. 

In  particular  concerning  b),  the  E-field  meter  for  the  IMT-2000  cellular  system,  which  is  the  3rd  generation 
cellular  system  and  is  becoming  commonplace  worldwide,  is  proposed. 


2.  Basic  Configuration 

a)  E-field  meter  for  assessing  the  total  exposure  ratio 

In  order  to  conform  to  the  ICNIRP  reference  levels,  the  total  exposure  ratio  should  be  less  than  or  equal  to 
one.  The  total  exposure  ratio  is  estimated  using  (1), 
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where  ef  is  the  total  exposure  ratio,  £",  V/m  is  the  E-field  strength  at  frequency  i,  and  c  and  Eu  V/m  are  the 
ICNIRP  reference  levels  at  frequency  i. 

An  E-field  meter  that  measures  the  strength  of  the  E-fields  including  those  from  cellular  base  stations,  FM 
radio  stations,  and  TV  stations,  must  have  a  high  level  of  sensitivity  throughout  a  wideband  frequency  range.  In 
the  construction  of  a  wideband  E-field  sensor,  a  shorted-dipole  element  that  is  shorter  than  the  wavelength  is 
often  combined  with  a  diode  detector.  The  detection  sensitivity  limit  of  this  sensor  is  approximately  0.1  V/m 
(100  dB|iV/m).  However,  in  order  to  measure  the  strength  of  the  E-fields  around  a  cellular  base  station  in  the  in- 
situ  environment  for  practical  purposes,  the  detection  sensitivity  of  the  E-field  sensor  must  be  1  mV/m  (60 
dB|iV/m). 

In  addition,  in  order  to  measure  the  E-field  strength  accurately,  the  sensor  polarization  must  be  set  to 
conform  to  the  target  electromagnetic  wave  polarization.  However,  in  the  in-situ  environment  in  which  the 
equipment  is  surrounded  by  many  reflectors,  which  is  representative  of  many  urban  areas,  accurate  measurement 
is  difficult  due  to  the  presence  of  the  scattering  domain  in  the  case  of  measurement  using  the  E-field  sensor 
comprising  a  shorted  dipole.  On  the  other  hand,  the  isotropic  E-field  sensor  enables  measurement  of  the  E-field 
strength  without  depending  on  the  polarization  of  the  target  wave.  Therefore,  in  an  in-situ  measurement  the 
isotropic  E-field  sensor  must  be  used. 

The  target  measuring  frequency  range  of  the  proposed  E-field  meter  is  assumed  to  be  from  30  MHz  to  3 
GHz,  which  includes  the  frequencies  used  by  cellular  services  and  many  other  wireless  services.  When 
measuring  the  strength  of  the  E-field  from  a  cellular  base  station,  as  mentioned  above,  it  is  practical  to  have  the 
detection  level  of  60  dBiiV/m.  In  order  to  satisfy  this  requirement,  the  construction  of  the  proposed  E-field 
sensor  is  based  on  a  frequency  tuning  measurement  instrument  for  detection.  The  relationship  between  the 
required  sensitivity  and  antenna  factor  (AF)  for  the  E-field  sensor  is  given  as  (2), 

EREQ~n  + SNR  + AFREQ  +  \til ,  (2) 


where  Ereq  dB|TV/m  is  the  required  sensitivity  level,  AFREQ  dB/m  is  the  required  AF,  n  dBm  is  the  noise  floor  of 
the  instillment,  and  SNR  dB  is  the  signal-to-noise  ratio  (SNR). 

If  a  general  spectrum  analyzer  with  the  noise  floor  of  -90  dBm  for  the  resolution  bandwidth  of  100  kHz  is 
adopted  as  the  frequency  tuning  measurement  instrument,  in  order  to  achieve  the  sensitivity  of  60  dBqV/m,  the 
AF  of  40  dB/m  is  required  for  the  E-field  sensor.  In  this  regard,  it  is  assumed  that  the  E-field  sensor  can  detect 
the  E-field  strength,  if  the  SNR  is  greater  than  3  dB. 

In  order  to  achieve  sensor  elements  and  baluns  that  exhibit  a  high  sensitivity  level  across  a  wideband 
frequency  range,  the  sensor  element  design  is  based  on  a  sleeve  dipole  and  divided  sub-elements  that  correspond 
to  each  frequency  range.  The  proposed  sensor  element  comprises  a  radiator,  a  sleeve,  and  a  coaxial  feeder  as 
shown  in  Fig.  1. 

The  radiator  comprises  multiple  cylindrical  conductors  connected  by  inductors.  The  lengths  of  each 
conductor  are  based  on  a  log  periodic  rule.  The  inductors  function  to  change  the  effective  length  of  the  radiant 
region  for  each  frequency  because  the  impedance  of  the  inductors  increases  with  an  increase  in  the  frequency. 
The  sleeve  is  also  basically  constructed  in  the  same  manner  as  the  radiator.  However,  in  the  sleeve  region,  the 
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coaxial  feeder  is  at  the  center  of  the  conductors,  and 
ferrite  elements  are  inserted  between  the  feeder  and 
the  conductors.  These  ferrite  elements  provide  a 
sufficient  degree  of  isolation  between  the  feeder  and 
the  conductors  of  the  sleeve. 

The  length  of  the  proposed  sensor  element 
including  the  radiator  and  sleeve  regions  is  600  mm, 
the  diameter  of  the  outside  conductors  is  9  mm,  and 
the  entire  sensor  element  is  covered  with  fiber- 
reinforced  plastic  (FRP). 

Isotropic  sensitivity  is  required  for  the  E-field 
sensor  in  the  in-situ  measurement  as  mentioned 
above.  Therefore,  the  proposed  E-field  senor 
comprises  three  sensor  elements  that  cross 
orthogonally  in  a  three-dimensional  Cartesian 
coordinate  system  for  the  isotropic  sensitivity. 

The  proposed  E-field  meter  integrates  the 
proposed  wideband  3 -axis  isotropic  E-field  sensor 
above,  a  switch  box  for  RF  signals, 
a  spectrum  analyzer,  and  a  notebook  PC  to  control  the  switch  box  and  spectrum  analyzer.  A  schematic  and  a 
photo  of  the  equipment  are  given  in  Figs.  2  and  3,  respectively. 

The  spectrum  analyzer  detects  the  signal  induced  at  an  axis  of  the  proposed  E-field  sensor.  The  E-field 
strength  detected  by  the  axis  of  the  proposed  sensor  is  calculated  using  (3), 

Ex  =  Px  +  AFx  +  Lx  + 107  ,  (3) 

where  Ex  dBuV/m  is  the  E-field  strength  detected  at  the  x  axis,  P,  dBm  is  the  received  power  for  the  x  axis 
detected  by  the  spectrum  analyzer,  AFX  dB/m  is  the  AF  of  the  x  axis,  and  Lx  dB  is  the  cable  loss  between  the  x 
axis  of  the  sensor  and  the  spectrum  analyzer.  Ey  and  E,  are  the  same  as  Ex. 

The  E-field  strength  of  a  point  of  interest  is  calculated  using  (4), 

e  =  Je)  +  eI  +  e),  (4) 

where  E  iiV/m  is  the  root  mean  square  of  E-field  strength  of  Ex,  Ev,  and  E-. 

The  switch  box  selects  the  connection  to  an  axis  element  of  the  proposed  sensor  and  the  spectrum  analyzer. 
The  notebook  PC  controls  the  switch  box  and  spectrum  analyzer,  calculates  the  total  exposure  ratio  using  (3),  (4), 
and  (1),  and  shows  the  frequency  spectrum  with  the  ICNIRP  reference  level  and  the  total  exposure  ratio. 


(  a  )  Side  view 
a 


9  mm 


FRP  cover 
Cyclic  ferrite 
Coaxial  feeder 
Conductor 


(  b  )  Cross-section  “a-a”’  view 

Fig.  1.  Construction  of  proposed  sensor  element 
for  assessing  the  total  exposure  ratio 


b)  E-field  meter  for  assessing  the  exposure  ratio  profile  from  a  IMT-2000  system  base  station 

In  order  to  assess  the  strength  of  the  E-field  from  a  cellular  base  station  at  the  maximum  designed 
transmission  power,  it  is  effective  to  utilize  characteristics  of  the  transmission  power  allocated  to  the  control 
channel.  These  characteristics  are  that  the  transmission  power  is  constant  at  each  cellular  base  station  and  that 
the  power  is  independent  of  the  amount  of  communications  traffic. 


Fig.  2.  Construction  of  proposed  E-field  meter  for 
assessing  the  total  exposure  ratio 


Fig.  3.  Proposed  E-field  meter  for  assessing  the 
total  exposure  ratio 
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The  relationship  between  the  total  exposure  ratio  and  the  exposure  ratio  from  a  cellular  base  station  at  the 
designed  maximum  transmission  power  is  given  as  (5), 

2  2.2 

et  —  eEUT  +  ex  ’  (5) 

where  ef  is  the  total  exposure  ratio,  eEur  is  the  exposure  ratio  from  a  cellular  base  station  at  the  designed 
maximum  transmission  power,  and  ex2  is  the  exposure  ratio  from  other  radio  sources. 

In  the  2nd  generation  cellular  systems,  since  the  access  system  is  based  on  the  frequency  division  multiple 
access  (FDMA)  system,  the  strength  of  the  control  channel  E-field  can  be  adequately  measured  at  the  frequency 
range  assigned  to  the  control  channel  by  frequency  tuning  using  a  spectrum  analyzer.  On  the  other  hand,  the  3rd 
generation  cellular  systems  are  based  on  the  code  division  multiple  access  (CDMA)  system.  In  this  system,  the 
frequency  spectra  of  the  communication  channels  overlap.  Therefore,  in  order  to  measure  the  E-field  strength  of 
the  control  channel  in  the  wideband  code  division  multiple  access  (W-CDMA)  system,  code  selective  receivers 
are  required.  The  control  channel  is  called  the  primary  common  pilot  channel  (P-CPICH)  in  the  3GPP 
specification  [3]. 

The  exposure  ratio  from  W-CDMA  system  base  stations  is  given  as  (6)  and  (7), 


SEUT 


N EUT 

z 


i= 1 


2 


(6) 


E2  ,=N  .  xEl  rptrH ,  (7) 

rec,i  code  P-CPICH  ’  v  ' 

where  eEUT2  is  the  exposure  ratio  from  a  cellular  base  station  at  the  designed  maximum  transmission  power,  NEUT 
is  the  number  of  radio  sources  at  the  W-CDMA  system  base  station,  E,.ec  ,  is  the  received  E-field  strength  due  to 
i- th  radio  source  at  W-CDMA  system  base  station,  EL  ,  is  the  ICNIRP  reference  level  at  the  i-th  radio  frequency, 
Ncode  is  the  number  of  traffic  codes,  and  Ep.Cpich  is  the  E-field  strength  of  the  P-CPICH  code. 

The  proposed  E-field  meter  integrates  an  isotropic  E-field  sensor  comprising  the  3-axis  dipole  elements  used 
in  the  in-situ  measurement,  three  code  selective  receivers  to  detect  the  W-CDMA  system  signals,  a  GPS  receiver 
to  detect  the  geometrical  position,  and  a  notebook  PC  to  control  the  receivers.  A  schematic  and  a  photo  of  the 
equipment  are  given  in  Figs.  4  and  5,  respectively. 

The  E-field  sensor  comprises  the  3 -axis  mutually-perpendicular  dipole  elements  because  isotropic  sensitivity 
is  required  for  the  E-field  sensor  in  the  in-situ  measurement  as  described  above.  The  three  code  selective 
receivers  correspond  to  each  axis  of  the  isotropic  sensor,  and  detect  only  the  P-CPICH  intensity. 

The  notebook  PC  controls  the  code  selective  receivers  and  calculates  the  exposure  ratio  from  the  target  base 
station  at  the  designed  maximum  transmission  power.  The  P-CPICH  E-field  strength  of  an  interesting  point  is 
calculated  using  (3),  (4),  and  (7).  The  exposure  ratio  from  a  base  station  at  the  designed  maximum  power  is 
calculated  using  (6).  Furthermore,  this  equation  obtains  the  geometrical  position  information  from  the  GPS 
receiver  and  shows  the  geometrical  profile  of  the  exposure  ratio  from  the  target  base  station. 


Fig.  4.  Construction  of  proposed  E-field  meter  for  Fig.  5.  Proposed  E-field  meter  for  assessing  the 

assessing  the  exposure  ratio  from  IMT-2000  system  exposure  ratio  from  IMT-2000  system  base  station 

base  station 
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10  100  1000  10000 
Frequency  [MHz] 

Fig.  6.  AF  frequency  characteristics  of  the  proposed 
E-field  sensor  for  assessing  the  total  exposure  ratio 
system  base  station 

Table  1.  Code  Selective  Receiver  Characteristics  for 
Exposure  Ratio  from  IMT-2000  System  Base  Station 


Item 

Value 

Frequency  Range 

2110-2200  MHz 

Dynamic  Range 

-117-33  dBm 

Resolution 

0.1  dB 

Accuracy 

±2  dB 

SIR  Accuracy 

±3  dB 

Sampling  Interval 

10  ms 

Relative  Relative 


Fig.  7.  Isotropic  responses  of  the  proposed  E-field 
sensor  for  assessing  the  total  exposure  ratio 


3.  Characteristics 

a)  E-field  meter  for  assessing  the  total  exposure  ratio 

The  AF  frequency  characteristics  of  the  proposed  E-field  sensor  are  shown  in  Fig.  6.  The  AF  is  calibrated  by 
using  a  standard  antenna. 

The  E-field  sensor  achieves  an  AF  value  of  40  dB/m  from  30  MHz  to  1.7  GHz,  and  41  dB/m  from  1.7  GHz 
to  3  GHz. 

The  isotropic  response  of  the  proposed  sensor  is  measured  using  an  SG  system  (Satimo  S.  A.).  The 
measurement  values  at  2  GHz,  which  is  used  by  W-CDMA  systems,  are  shown  in  Fig.  7. 

Figure  7  shows  that  the  isotropic  response  of  the  proposed  sensor  is  within  ±5  dB  except  for  below  the 
proposed  sensor  where  there  is  a  tripod  stand. 


b)  E-field  meter  for  assessing  the  exposure  ratio  profile  from  a  IMT-2000  system  base  station 

The  characteristics  of  the  code  selective  meter  are  given  in  Table  1.  For  example,  at  2  GHz,  the  AF  value  of 
the  isotropic  sensor  in  the  proposed  E-field  meter  is  45.2  dB/m.  Therefore,  the  proposed  E-field  meter  is 
estimated  to  achieve  the  sensitivity  of  0.06  mV/m  using  (2). 


4.  Measurement  example 

a)  E-field  meter  for  assessing  the  total  exposure  ratio 

The  total  exposure  is  measured  using  the  proposed  E-field  meter  in  an  urban  area  and  is  shown  in  Fig.  8. 
Figure  8  shows  that  the  proposed  E-field  meter  can  assess  the  exposure  ratios  from  not  only  cellular  base 
stations,  but  also  other  stations  such  as  TV  stations.  In  addition,  it  shows  that  the  total  exposure  ratio  is 
approximately  1/5000  (2.08e-2%),  and  is  sufficiently  lower  than  the  ICNIRP  reference  level. 


b)  E-field  meter  for  assessing  the  exposure  ratio  profile  from  a  IMT-2000  system  base  station 

The  exposure  ratio  from  a  W-CDMA  system  base  station  is  assessed  using  the  proposed  E-field  meter.  The 
base  station  antenna  is  located  in  a  rural  area.  The  total  exposure  ratio  is  assessed  approximately  every  50  cm 
from  under  the  antenna  to  approximately  1.6  km  away.  The  height  of  the  upper  end  of  the  antenna  attached  to  a 
mast  is  39.7  m.  The  total  transmission  power  is  48  W  per  radio  sector.  The  ICNIRP  reference  level  for  the  2- 
GHz  band  indicated  in  the  ICNIPR  guidelines  is  61.4  V/m  [1].  The  assessed  profile  for  the  total  exposure  ratio  is 
shown  in  Fig.  9.  The  figure  shows  that  the  maximum  value  of  the  total  exposure  ratio  from  this  base  station  is 
approximately  1/10000  of  the  ICNIRP  reference  level. 
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Fig.  8.  Measurement  example  using  proposed  E-field 


meter  for  assessing  the  total  exposure  ratio 
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Fig.  9.  Measurement  example  using  proposed  E-field 
meter  for  assessing  the  exposure  ratio  from  IMT- 
2000  system  base  station 


5.  Summary 

The  proposed  E-field  meters  achieved  the  following  points. 

1)  The  sensitivity  of  1  mV/m  was  achieved  using  only  one  E-field  sensor  in  the  frequency  range  from  30  MFlz  to 
3  GFlz,  and  the  total  exposure  ratio  from  multiple  radio  stations  was  assessed  in  the  frequency  range. 

2)  The  E-field  meter  for  assessing  the  exposure  ratio  profde  from  an  IMT-2000  system  base  station  comprises 
code  selective  receivers  was  presented,  and  the  exposure  ratio  profile  was  assessed. 

3)  The  total  exposure  ratio  is  less  than  1/5000  of  the  ICNIRP  reference  level  in  an  urban  area. 

4)  The  maximum  value  of  the  exposure  ratio  profile  from  a  W-CDMA  base  station  is  less  than  1/10000  of  the 
ICNIRP  reference  level  in  a  rural  area. 
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ABSTRACT 

In  this  work  we  investigated  the  effect  of  the  human  operator  body  on  the  measurement  of  an  electric  field  with 
a  broadband  probe.  The  finite-difference  in  time-domain  technique  was  used  to  evaluate  the  influence.  A 
numerical  model  of  a  commercially  available  probe  was  created  and  examined  for  its  operation  both  within  and 
outside  its  intended  frequency  use.  Two  homogeneous  models  of  the  human  operator  made  of  dispersive 
muscle-like  material  were  considered.  The  first  one  was  with  the  arm  raised  above  the  head  at  an  angle  of  45° 
with  the  horizon  and  the  second  one  was  with  the  arm  extended  in  front  of  the  thorax.  Several  angles  of 
incidence  of  the  plane  wave  were  simulated  and  it  was  shown  that  the  former  configuration  (arm  raised)  resulted 
in  more  accurate  measurements  than  the  latter  one.  Furthermore,  it  was  established  that  not  only  the  presence  of 
the  human  was  responsible  for  the  discrepancy  of  the  measured  values,  but  also  the  input  impedance  of  the 
probe’s  dipoles  which  changed,  due  to  coupling  with  the  human  body,  thus  altering  the  antenna  factor  that  had 
been  calculated  during  calibration. 

I.  INTRODUCTION 

In  the  recent  years,  the  concern,  which  arose  about  the  possible  health  hazards  of  non-ionizing  electromagnetic 
radiation,  has  led  to  the  introduction  of  standards  or  safety  guidelines  on  exposure.  In  order  to  compare  with  the 
limiting  values  set  in  such  documents,  it  is  necessary  to  have  a  probe  that  can  accurately  measure  the  electric 
field.  There  are  a  lot  of  factors,  which  reduce  measurement  accuracy.  The  most  typical  and  frequent  factors 
result  mainly  from  the  type  of  antenna  used  inside  the  probe,  its  size,  and  the  mutual  coupling  between  the 
antenna  and  the  radiation  source.  Apart  from  the  above,  other  factors  include  the  detector’s  dynamic 
characteristics,  the  termination  of  the  measurement  probe  and  the  deformation  of  the  measured  field,  which  is 
caused,  e.g.  by  the  person  performing  the  measurement. 

In  the  present  study,  we  examine  the  influence  of  the  human  operator  on  the  calibrated  characteristics  of  a  field 
probe  and,  consequently,  on  the  measurement  accuracy.  In  particular,  we  investigate  what  is  the  effect  of  the 
proximity  of  the  human  body  on  the  probe’s  frequency  response,  its  isotropicity  and  the  calculated  antenna 
factor  (AF). 

II.  MATERIALS  AND  METHODS 
Principle  of  operation  of  a  broadband  probe 

A  broadband  probe  of  the  electric  field  usually  consists  of  a  dipole  antenna,  a  non-linear  detector,  lumped 
elements,  which  are  used  for  filtering  and  shaping,  a  transmission  line  and  some  monitoring  instrumentation. 
The  principle  of  operation  of  the  probe  is  based  on  the  production  of  a  voltage  across  the  detector  at  the  antenna 
terminals,  when  a  continuous  wave  field  is  applied.  This  radiofrequency  voltage  has  a  dc  component 
proportional  to  the  square  of  the  incident  field,  due  to  the  non-linear  characteristics  of  the  detector.  This 
component  is  filtered  and  is  conveyed  over  the  transmission  line  to  the  monitoring  instrumentation.  In  order  to 
obtain  an  omnidirectional  pattern  of  the  measurement  probe,  it  is  necessary  to  use  three  mutually  perpendicular 
antennas  and  to  sum  their  output  voltages,  so  as  to  result  to  the  output  voltage  [1]. 

Numerical  model  of  the  broadband  probe 

The  numerical  modeling  was  performed  with  the  use  of  the  finite-difference  in  time-domain  (FDTD)  technique. 
The  model  of  the  probe  was  based  on  a  real  product  (Narda  Model  8760),  which  operates  in  the  frequency  range 
from  300kHz  to  1GHz.  The  isotropicity  of  the  probe  was  achieved  with  three  dipoles,  which  were  placed  on 
planar  substrates  combined  to  form  a  beam  with  the  cross  section  of  an  equilateral  triangle.  Each  of  the 
orthogonal  dipoles  formed  an  angle  of  54.74°  with  the  axis  of  the  beam  (Figure  1).  These  dipoles  consisted  of  a 


461 


T.  SAMARAS,  G.  TSANIDIS,  J.N.  SAHALOS 


layer  of  a  perfect  electrical  conductor  with  9cm  length,  4cm  width  and  0.2  mm  thickness,  printed  on  a  dielectric 
substrate  1.4mm  thick,  of  which  the  dielectric  constant  was  assumed  to  be  3.  Across  the  gap  between  the  two 
parts  of  the  dipole  antenna  a  lumped  element  was  mounted  with  resistance  1MQ,  where  the  induced  voltage  was 
measured  due  to  the  incident  electric  field  (linear  detector).  The  effective  voltage  of  the  measurement  probe 
resulted  from  the  summation  of  the  induced  voltages  of  the  three  dipoles,  after  squaring  them.  This  structure  was 
placed  inside  an  empty  cup,  whose  shape  was  conical.  The  shaft  of  the  probe  was  assumed  made  of  dielectric 
material,  with  the  same  dielectric  constant  3,  and  had  a  radius  of  2cm. 


(a)  (b) 

Figure  1:  (a)  Cross  section  of  the  probe  (b)  Side  view  of  the  probe  with  the  dipoles 


During  the  process  of  calibration,  the  probe  was  excited  by  a  plane  wave  with  vertical  polarization  and  field 
strength  of  lV/m.  Figure  2  presents  the  frequency  response  of  the  probe  in  the  frequency  range  from  300kHz  to 
2.4GHz.  The  response  in  the  operation  range  of  the  probe  was  almost  frequency  independent  and  its  flatness  was 
within  ±0.75dB.  When  the  frequency  was  increased  beyond  the  point  where  the  dipole  antenna  is  electrically 
short  (Poh<0.3),  the  response  was  seen  to  peak  in  the  vicinity  of  the  frequency  for  the  first  resonance  of  the 
dipole  antenna  (P0h=7t/2),  which  is  approximately  at  1.6GHz.  The  curves  of  Figure  3  indicate  that  the  probe’s 
linearity  is  very  weakly  dependent  on  the  frequency  in  its  operation  range.  The  radiation  pattern  of  the  probe 
(not  shown  here)  confirms  that  isotropy  is  achieved  by  the  mutually  orthogonal  configuration  of  the  three 
dipoles. 


Figure  2.  Frequency  response  of  the  numerical  model  of  the  probe  to  a  plane  wave  of  vertical  polarization  and  electric  field 

strength  of  1  V/m 
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Figure  3.  Response  of  the  numerical  model  of  the  probe  to  a  plane  wave  of  vertical  polarization  and  varying  electric  field 

strength  for  several  frequencies 

Through  the  process  of  calibration  the  antenna  factor  (AF)  in  dB(l/m)  can  be  determined: 

AF  =  201og10(|)  (1) 

where  E  is  the  electric  field  incident  on  the  antenna  and  V  is  the  voltage  developed  across  the  output  of  the 
antenna.  Accordingly,  an  unknown  electric  field  can  be  determined  by  the  calibrated  probe  in  terms  of  the 
measured  voltage.  Figure  4  shows  the  calculated  AF,  which  seems  to  be  approximately  flat  in  the  operation 
range,  while  the  range  of  the  first  resonance  of  the  dipoles  is  obvious. 


Figure  4.  The  antenna  factor  (AF)  of  a  probe  calibrated  with  a  plane  wave  of  vertical  polarization 

Numerical  model  of  the  human  operator 

Our  computations  assumed  a  human  model  of  1.70m  height,  0.4625  width  and  0.47m  depth,  which  was 
available  on  the  internet  (www.3dcafe.com).  The  hand  of  the  model  was  moved  with  program  CtrlView® 
(www.ctrlview.com)  to  create  two  different  human  models.  Figure  5a  shows  the  human  model  for  which  the 
direction  of  the  hand  forms  a  45°  angle  with  the  horizon.  For  the  second  model  the  direction  of  the  hand 
coincided  with  the  direction  of  the  horizon  (Figure  5b).  Both  models  were  homogenous  and  consisted  of 
material  corresponding  to  human  muscle.  The  dielectric  properties  of  the  muscle-simulating  material  were 
described  by  a  2nd  order  Debye  model,  in  order  to  take  into  account  the  frequency  dependency  of  them  in  the 
range  of  300kFlz  to  2.4GFlz.  The  constants  assumed  were  s„  =40,  esl  =3948,  £i2=59.09,  r,  =4.62xl0~8s,  and 
r2=9.11xlO"los. 
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Figure  5:  (a)  Human  model  with  raised  arm  (b)  Human  model  with  extended  arm 


III.  RESULTS 

In  the  following  we  discuss  the  influence  of  the  human  body  on  the  frequency  response  and  the  isotropicity  of 
the  calibrated  probe.  Figure  6  presents  the  frequency  response  of  the  probe,  when  the  latter  was  used  by  the  first 
and  second  human  model  respectively  and  was  illuminated  by  a  plane  wave  similar  to  that  used  in  the 
calibration  procedure.  In  both  cases  the  variation  with  frequency  was  more  intense  than  when  the  probe  was  in 
free  space,  a  fact  which  confirms  that  the  presence  of  the  human  affects  the  electromagnetic  environment.  In  the 
case  of  the  second  model  (Figure  6b),  the  influence  of  the  human  was  more  evident,  because  the  measurement 
was  performed  in  front  of  the  body,  which  results  in  the  probe  being  influenced  by  all  the  changes  of  the  field 
caused  by  the  human.  In  both  models  alterations  were  also  observed  in  the  isotropicity  of  the  measurement 
probe,  especially  in  the  vertical  plane.  The  second  model  seems  to  have  affected  more  the  isotropicity  of  the 
probe  than  the  first  one  and  especially  in  the  higher  frequencies,  where  the  wavelengths  became  smaller  than  the 
model’s  dimensions. 
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Figure  6:  Calibration  response  of  the  probe  in  the  presence  of  the  human  model  (a)  and  (b)  of  Figure  5. 


In  the  present  study  we  also  investigated  a  series  of  measurement  configurations,  in  which  the  probe  was  held  by 
the  human  model  and  was  excited  by  plane  waves  with  different  polarizations  and  from  different  directions. 
Initially  we  simulated  the  first  human  model  (raised  arm)  with  the  probe  for  a  vertically  polarized  incident  plane 
wave  coming  from  the  front  of  the  model.  With  regard  to  the  accuracy  of  the  measurement,  we  always  compute 
the  percent  relative  divergence  of  the  measured  and  the  actual  field  based  on: 

.J\%\  =  Etrue  ~E^ured  x  1Q0  (2) 

Etrue 

Figure  7  demonstrates  the  deviation  as  a  function  of  the  frequency  of  the  incident  wave.  It  seems  that  the 
measured  field  followed  to  a  satisfactory  degree  the  variations  of  the  actual  field  in  the  probe’s  operation  range 
(300kFlz  -  1GHz),  where  the  deviation  was  less  than  1.6dB.  This  divergence  of  field  was  caused  by  the  changes 
of  the  dipole’s  input  impedance,  because  of  the  coupling,  which  takes  place  between  the  human  model  and  the 
measurement  probe.  This  variation  of  impedance  of  the  three  dipoles  is  shown  in  Figure  8,  where  it  can  be 
noticed  that  there  fluctuations  in  the  lower  frequencies  and  a  stabilization  in  the  range  above  200MHz. 
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Figure  7.  Deviation  of  the  measured  electric  field  from  the  true  electric  field  for  the  human  model  with  the  raised  arm 


[— —  Dipole  1  -  -  -  Dipole  2  — ■ —  Dipole  3 

Figure  8.  Deviation  of  the  input  impedance  of  the  probe’s  dipoles  due  to  coupling  with  the  human  body 

In  the  higher  frequency  range  (above  1  GHz)  the  difference  between  the  measured  and  the  actual  field  was 
greater  than  in  the  operation  range,  not  only  due  to  the  change  of  the  impedance  of  the  dipoles,  but  also  because 
of  the  reduction  in  the  calculated  AF,  since  this  is  the  range  of  dipole  resonance.  As  a  result  there  was  an 
underestimation  of  the  electric  field  up  to  55%.  This  means  that  when  the  probe  is  used  in  an  environment  of 
multiple  sources,  there  must  be  adequate  filtering,  so  that  the  measurement  is  not  contaminated  by  fields  in  the 
frequency  range,  where  the  probe  fails  to  operate  correctly. 

As  a  further  step,  we  examined  the  incidence  of  the  plane  wave  from  various  other  angles  and  not  only  from  the 
front  of  the  model.  The  different  deviation  between  measured  and  actual  field  established  that  the  coupling 
between  human  and  probe  was  dependent  on  the  direction  of  the  incident  field.  Moreover,  we  simulated  a 
horizontally  polarized  plane  wave  irradiating  the  human  operator  from  the  front,  showing  that  coupling  also 
depended  on  field  polarization. 

We  repeated  the  above  procedure  for  the  second  human  model  (extended  arm).  Figure  9  shows  that  this  model 
affected  more  the  accuracy  of  measurement  than  the  first  one,  when  it  was  illuminated  from  the  front,  because 
of  the  fields  scattered  by  the  human  body.  In  this  case,  the  deviation  of  the  measured  value  from  the  true  one 
reached  4dB.  However,  for  the  higher  frequencies  (>  100MHz),  this  deviation  became  less  than  2dB,  when  the 
field  was  incident  from  the  back  of  the  human  operator. 
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Figure  9.  Deviation  of  the  measured  electric  field  from  the  true  electric  field  for  the  human  model  with  the  extended  arm 

IV.  DISCUSSION  -  CONCLUSIONS 

The  use  of  a  probe  consisting  of  three  mutually  vertical  dipoles  can  be  used  for  the  measurement  of  electric 
fields  only  in  its  operation  range.  The  frequency  response  of  the  probe  is  limited  by  the  dipoles  dimensions.  The 
cup  or  the  shaft  of  the  probe  do  not  seem  to  affect  the  measurement,  as  long  as  they  are  present  in  its  calibration. 
However,  the  presence  of  the  human  operator  changes  the  incident  electromagnetic  field.  As  a  result  the  probe 
does  not  measure  the  real  incident  field,  but  the  one  developed  around  the  human  operator.  The  deviation  is 
larger  when  the  operator  holds  the  probe  with  an  extended  arm  in  front  of  him/her  and  becomes  smaller  when 
he/she  holds  it  with  an  arm  raised  above  his/her  head  at  an  angle  of  45°  with  the  horizon.  This  is  actually  the 
way  of  use  proposed  by  the  manufacturer  and  has  been  confirmed  by  the  simulations  conducted  in  this  study. 
For  this  configuration,  it  was  found  also  (not  presented  here)  that  the  effect  of  the  ground  is  minimized,  since  the 
probe  is  high  above  it. 

Another  source  of  inaccuracy  in  the  measurement  is  the  change  of  input  impedance  of  the  dipoles,  since  they 
couple  with  the  dielectric  body  of  the  human  operator.  This  change  in  impedance  leads  to  a  different  AF  from 
the  one  evaluated  during  the  calibration.  Therefore,  even  if  the  incident  field  remained  unchanged,  the  probe 
woidd  still  give  a  wrong  field  value.  The  coupling  of  the  probe  with  the  human  body  depends  on  the  angle  of 
arrival,  the  frequency  and  the  polarization  of  the  incident  field,  making  the  introduction  of  a  correction  factor 
impossible. 

REFERENCES 

[1]  H.  I.  Bassen  and  G.  S.  Smith,  “Electric  Field  Probes  -  A  Review”,  IEEE  Trans  Antennas  Propagat,  vol. 
31,  no.  5,  pp.  710-718,  1983 


466 


VARIATION  OF  RFR  VIA  APPLIED  HUMAN  VOICE  AND 
PURE  TONE  IN  DIFFERENT  STRENGTHS  &  FREQUENCIES 

TO  MOBILE  PHONE 

ELCIN  OZGUR,  GOKNUR  GULER 

BIOPHYSICS  DEPARTMENT,  GAZI  UNIVERSITY  MEDICAL  FACULTY 

GAZI  UNIVERSITESI  TIP  FAKULTESI BIYOFIZIK  ANABILIM DALI 
065 10  BESEVLER  ANKARA  TURKEY 
elcinozsur&.sazi.  edu.  tr,  gozturk&gazi.  edu.  tr 


Abstract 

GSM  DCS  1800  mobile  phone  radiation  emitted  by  Nokia  3210  (0.81  W/kg  digital  SAR)  was  measured  by 
electromagnetic  radiation  meter  while  speaking  into  phone  by  different  frequency-strength  pure  tone  and  human 
voices  generated  sound  production  device,  also  in  quiet  condition  in  the  sound-proof  room.  The  measurements 
are  taken  in  2-second-periods  as  instantaneously  during  6  minutes  and  saved  in  high  configuration  computer. 
Average  values  of  these  measurement  data  were  calculated  after  whole  experiment  concluded, 
in  quiet  condition,  7.7  V/m  external  E  fields  were  averaged.  Applied  pure  tone,  man  and  woman  voices,  between 
0-120  dB  strength  and  125-8000  Hz  frequency  range  made  E  field  values  increase  approximately  as  24  V/m. 

It  was  detected  that  all  types  of  sound  in  60  dB  strength  and  having  3-4  kHz  frequencies,  daily  life  speech  range 
are  the  threshold  for  mobile  phone  radiation  increment.  Statistically  insignificant  change  was  observed  between 
quiet  condition  and  below  60  dB  range.  60  dB  and  loader  voices  in  the  range  of  1  -4  kHz  frequencies  generated 
nearly  the  same  E  field  values  as  24  V/m. 

Introduction 

Number  of  mobile  phone  users  already  above  2  billion  and  it  is  anticipated  that  this  number  will  reach  to  5 
billion  next  5  years.  Not  only  basic  qualifications  such  as  voice,  data  and  image  transfer,  but  also  mobile  phones 
becoming  multi  terminal  devices  make  the  body  of  consumer  grow.  Innovations  on  mobile  phone  technology  are 
actualized  everyday  such  as  models  taking  picture,  recording  video,  for  babies  and  having  options  of  “push  and 
talk”  which  teenagers  like  and  use  very  often.  The  wide  and  growing  use  of  cellular  phones  has  also  raised 
questions  about  the  possible  health  risks  associated  with  Radio  Frequency  (RF)  electromagnetic  fields.  In  order 
to  estimate  health  risks,  cellular  phone  users  have  to  obtain  the  relative  exposure  levels.  However,  the  RF 
exposure  level  is  very  difficult  to  measure  accurately  and  quantify  for  all  individuals  as  SAR  (Specific 
Absorption  Rate)  because  exact  measurements  of  SAR  in  vivo,  which  has  a  direct  effect  on  user  in  relation  to 
the  output  level  of  cellular  phone,  are  almost  impossible1.  ICNIRP  (International  Commission  for  Non-Ionizing 
Radiation  Protection)  prepared  guidelines  for  limiting  EMF  exposure  directly  related  to  adverse  health  effects 
caused  by  EMF  radiation  by  means  of  coupling  with  body  directly  or  indirectly.  Two  classes  of  guidance  are 
presented  as  Basic  restrictions  and  Reference  levels.  Basic  restrictions  are  the  restrictions  on  exposure  to  time- 
varying  electric,  magnetic,  and  electromagnetic  fields  that  are  based  directly  on  established  health  effects. 
Depending  upon  the  frequency  of  the  field,  the  physical  quantities  used  to  specify  these  restrictions  are  current 
density  (J),  specific  energy  absorption  rate  (SAR),  and  power  density  (S).  Reference  levels  are  provided  for 
practical  exposure  assessment  purposes  to  determine  whether  the  basic  restrictions  are  likely  to  be  exceeded. 
Some  reference  levels  are  derived  from  relevant  basic  restrictions  using  measurement  and/or  computational 
techniques,  and  some  address  perception  and  adverse  indirect  effects  of  exposure  to  EMF.  The  derived  quantities 
are  electric  field  strength  (E),  magnetic  field  strength  (H),  magnetic  flux  density  (B),  power  density  (S),  and 
currents  flowing  through  the  limbs  ( IL)2'\  In  other  words,  determining  of  the  reference  levels  gives  information 
about  if  the  basic  restrictions  are  exceeded. 

In  this  study,  we  measure  the  cellular  phone  radiation  operating  in  GSM  DCS  1800  MHz  by  using 
electromagnetic  radiation  meter  in  order  to  determine  the  individuals’  exposure  levels  to  inform  the  quantity  of 
exposure  and  estimate  health  risks.  Mobile  phone,  Nokia  3210  with  0,81  W/kg  digital  SAR  value  was  used. 


467 


OZGUR,  E.  ,GULER,G 


Measurements  were  executed  while  pure  silence,  and  also  applying  pure  tone,  man  and  woman  voices,  between 
0-120  dB  strength  and  125-8000  Hz  frequency  range  spoken  into  the  mobile  phone  in  a  pure  silent  room. 

Materials  and  Methods 

Two  identical  Nokia  3210  (0.81  W/kg)  were  chosen  as  mobile  phones  for  which  we  obtain  the  exposure  level 
while  speaking  into  the  phone  with  the  human  voices  in  different  frequencies  and  intensities.  Also  we  measured 
the  exposure  value  when  pure  tone  applied.  Pure  tone,  artificial  sound  not  exist  in  nature,  was  generated  by 
audiometer  (Interacoustics  Clinical  Audiometer  AC  40)  applied  to  mobile  phone  microphone  as  receiver  using 
headphone  (SONY).  Audiometer  operates  pure  tone  in  0-120  dB  strength  and  125-8000  Hz  frequency  range. 
Also,  it  can  modulate  average  tone  of  man  and  woman  voices  into  different  frequencies  and  strengths  in  the  same 
range.  A  woman  and  a  man  volunteers  whose  voices  are  in  the  average  range  of  frequencies.  NARDA  EMR  300 
and  type  8.3  probe  were  used  as  radiation  measurement  device.  Measurements  were  taken  for  duration  of  10 
minutes  per  2  seconds  and  the  data  saved  to  the  computer  connected  to  device  via  fiber  optic  cable.  The  whole 
data  were  averaged  before  statistical  analysis. 

4  cases  as  “pure  silence”,  “pure  tone”,  “woman  voice”,  “man  voice”  are  analyzed  if  measured  external  E  field 
levels  change  with  respect  to  type,  frequency  and  intensity  of  voice. 

Result 

For  Nokia  3210,  there  is  an  increase  for  certain  frequencies  and  strengths  in  tree  of  these  four  cases  of  which 
“pure  tone”,  “woman  voice”,  “man  voice”  with  respect  to  “pure  silence”(p<0.05).  However,  this  increase  is 
independent  of  voice  type,  namely  external  E  field  levels  are  the  same  for  “pure  tone”,  “woman  voice”,  “man 
voice”. 

For  125  Hz,  E  field  is  7,68  V/m  same  as  in  pure  silence  mode  in  all  intensities  starting  from  0  dB  up  to  120  dB. 
For  250  Hz,  with  the  voice  of  90  dB,  100  dB  and  110  dB  intensities  speaking  into  mobile  phone  changing  the 
external  E  field  level  as  23,89  V/m  ;  24,26  V/m  ;  24,19  V/m  respectively.  For  500  Hz;  changes  in  E  field 
beginning  between  of  90  dB  and  120  dB  the  intensities  as  24,13  V/m  by  90  dB;  24,26  V/m  by  100  dB;  24,17 
V/m  by  110  dB  and  24,17  V/m  by  120  dB.  For  750  Hz;  voices  between  80  dB-120  dB  intensities  makes  field 
values  as  24,1  V/m;  23,83  V/m;  24,25  V/m;  24,16  V/m  and  24,15  V/m  respectively.  Also,  the  E  field  level 
changed  by  applying  the  voice  intensity  of  the  same  range  for  1  kHz  as  24,15  V/m;  23,87  V/m;  24,23  V/m;  24,18 
V/m  and  24,15  V/m  .  The  threshold  intensity  that  change  the  E  field  level  generated  by  mobile  phone  for  1.5 
kHz  sound  is  70  dB.  The  E  field  levels  for  intensities  between  70  dB  and  120  dB  are  24,13  V/m;  24,  13  V/m; 
23,9  V/m;  24,18  V/m;  24,15  V/m  respectively.  Again  for  voice  having  2  kHz  frequency  and  intensities  changing 
from  70  dB  to  120  dB,  the  field  values  are  24,13  V/m;  24,13  V/m;  24,07  V/m;  24,23  V/m;  24,16  V/m  and 
24,16  V/m. 

Voice  in  frequency  of  3  kHz  makes  the  E  field  value  change  if  these  voices  are  60  dB  and  more  strength.  For  2 
kHz  and  60  dB  voice  makes  E  field  level  as  23,81  V/m.  and  for  the  other  intensity  of  voices  in  this  frequency 
which  increase  the  level  of  mobile  phone’s  radiation  are  24,12  V/m;  24,29  V/m;  24,28  V/m;  24,25  V/m  and 
24,22  V/m  respectively.  For  4  kHz  also  there  are  the  same  range  of  intensity  as  60  dB  -  120  dB  having  E  field 
value  as  23,95  V/m;  24,13  V/m;  24,13  V/m;  24,43  V/m;  24,41  V/m  and  23,73  V/m  and  23,55  V/m 
respectively.  In  6  kHz,  only  1 10  dB  and  120  dB  voices  increase  the  radiation  as  24,22  V/m  and  24,20  V/m.  For  8 
kHz  voices  in  all  strengths,  E  field  value  measured  as  7,89  V/m  nearly  the  same  as  in  pure  silence  mode.  Table  1 
contains  all  these  data  in  detail.  For  this  reason,  whole  data  averaged  for  three  types  of  voices  (Table  1,  Figure  1- 
4) 

Discussion 

The  use  of  mobile  phone  by  adult,  young  people,  children  and  the  elderly  has  grown  rapidly  which  causes 
increased  concern  of  public,  scientists  and  experts  about  the  health  effects  of  these  phones  in  the  last  years. 
Therefore,  the  intensive  research  continues  to  be  carried  out  in  order  to  find  if  they  cause  any  possible  health  risk 
for  humans. 

GSM-1800  signals  SAR  levels  ranging  from  0.1  to  2  W/kg.  Modulations  named  as  GSM-217,  GSM-Basic, 
GSM-DTX  or  GSM-Talk  have  SAR  values  between  this  range. 

GSM-2 17Hz  is  GSM  signals  are  amplitude  modulated  by  rectangular  pulses  with  a  repetition  frequency  of  217 
Hz  and  a  duty  cycle  of  1:8  (pulse  width  0.576  ms),  corresponding  to  the  dominant  modulation  component  of 
GSM.  The  ratio  between  slot  average  SAR  and  time  average  SAR  is  8.  GSM-  Basic  is  in  addition  to  this  basic 
GSM-2 17Hz  TDMA  frame,  every  26th  frame  is  idle,  which  adds  an  8  Hz  modulation  component  to  the  signal  . 
The  ratio  between  slot  average  SAR  and  time  average  SAR  is  8.3.  The  discontinuous  transmission  mode  (DTX) 
is  active  during  periods  without  speaking  into  the  phone.  To  save  battery  power,  the  transmission  is  reduced  to 
12  frames  per  intermediate  multiframe  of  104  frames  (compared  to  100  frames  for  GSM  Basic).  The  frame 
structure  of  the  DTX  signal  results  in  2,  8  and  217  Hz  components.  The  ratio  between  slot  average  SAR  and  time 
average  SAR  is  69.3. 
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GSM-Talk  generates  temporal  changes  between  GSM-Basic  and  GSM-DTX  and  simulates  a  conversation  with 
an  average  duration  of  97s  and  50s  for  Basic  and  DTX,  respectively.  The  ratio  between  slot  average  SAR  and 
time  average  SAR  is  11.9.  Furthermore,  arbitrary  field  on/off  intermittence  in  the  range  from  seconds  to  hours 
can  be  applied  4'5'6. 

In  this  study.  Mobile  phone  Nokia  3210,  spoken  into  the  phone,  mostly  in  GSM  Basic  mode  measured  externally 
in  order  to  obtain  an  opinion  about  how  much  user  exposure.  All  in  all,  we  found  that  the  external  E  field  which 
mobile  phone  generates  while  user  speaks  into  phone  without  cease  is  triple  of  the  measured  value  while  nobody 
speaks  into  phone  when  conversation  is  ended  for  both  user. 

In  Lonn  at  al.  study,  the  output  power  for  all  mobile  phone  callas  managed  by  GSM  operator  Telia  Mobile  was 
recorded  during  one  week  in  four  defined  areas  (rural,  small  urban,  suburban  and  city  area)  in  Sweden  1 .  The 
recording  included  output  power  for  900  MFlz  and  the  1800  MFlz  frequency  band.  Conclusion  of  this  report  is 
that  in  rural  areas  where  base  stations  are  sparse,  the  output  power  level  used  by  mobile  phones  are  on  average 
considerably  higher  than  in  more  densely  populated  areas.  So,  our  experiment  was  done  in  pure  silent  room  in 
the  city  center  where  the  base  stations  near  and  actively  operated  and  in  the  time  period  of  before  primetime 
(09.00-11.30  AM),  prime  time(12.00-  13.30  AM)  and  after  prime  (14.00-17.00  AM)  time  of  weekdays. 

As  a  result,  we  found  that  mobile  phone  user  expose  more  RF  radiation  when  he  /  she  is  talking  in  the  periods 
out  of  prime  time.  In  the  period  called  as  prime  time  the  external  E  field  value  is  constant  both  for  silence  and 
speaking  into  mobile  phone. 

There  is  no  difference  if  the  voice  belonging  to  woman,  man  or  child  on  the  level  of  external  E  field  that  mobile 
phone  generates.  There  is  threshold  level  of  sound  intensity  changing  mobile  phones  technology.  50  decibels 
(dB)  the  range  of  whispering  is  the  threshold  strength  in  order  to  recognize  the  voice  which  is  speaking  into 
mobile  phone  Nokia  2100  although  60  dB  can  be  solely  threshold  for  Nokia  3210. 

A  quantitative  assessment  of  individual  exposure  to  radiofrequency  fields  epidemiological  studies  of  possible 
health  effects  for  many  reasons. 

Table  1:  External  electric  field  values  (V/m)  generated  by  Nokia  3210  in  GSM-Talk  modulation  with  pure  tone, 
woman  and  man’s  voices  in  a  sound  proof  room. 


Intensity/ 

Frequency 

Nokia  3210 

(dB/Hz) 

Pure  Silence 

Pure  Tone 

Man’s  Voice 

Woman’s  voice 

0/125 

7.68 

7.68 

7.7 

7.68 

10/125 

7.68 

7.68 

7.7 

7.68 

20  /125 

7.68 

7.68 

7.7 

7.68 

30  /125 

7.68 

7.68 

7.7 

7.68 

40  /125 

7.68 

7.68 

7.7 

7.68 

50  /125 

7.68 

7.68 

7.7 

7.68 

60  /125 

7.68 

7.68 

7.7 

7.68 

70  /125 

7.68 

7.68 

7.7 

7.68 

80/125 

7.68 

7.68 

7.7 

7.68 

90  /125 

7.68 

7.68 

7.7 

7.68 

0/250 

7.68 

7.69 

7.69 

7.69 

10  /250 

7.68 

7.69 

7.69 

7.69 

20  /250 

7.68 

7.69 

7.69 

7.69 

30  /250 

7.68 

7.69 

7.69 

7.69 

40  /250 

7.68 

7.69 

7.69 

7.69 

50  /250 

7.68 

7.69 

7.69 

7.69 

60  /250 

7.68 

7.69 

7.69 

7.69 

70  /250 

7.68 

7.69 

7.69 

7.69 

80/250 

7.68 

7.69 

7.69 

7.69 

90  /250 

7.68 

23.87 

23.9 

23.89 

100  /250 

7.68 

24.26 

24.27 

24.26 

110/250 

7.68 

24.19 

24.2 

24.19 

0/500 

7.68 

7.9 

7.9 

7.9 
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20  /500 

7.68 

7.9 

7.9 

7.9 

30  /500 

7.68 

7.9 

7.9 

7.9 

40 /500 

7.68 

7.9 

7.9 

7.9 

50 /500 

7.68 

7.9 

7.9 

7.9 

60 /500 

7.68 

7.9 

7.9 

7.9 

70 /500 

7.68 

7.9 

7.9 

7.9 

80/500 

7.68 

7.9 

7.9 

7.9 

90 /500 

7.68 

24.1 

24.15 

24.13 

100  /500 

7.68 

24.26 

24.27 

24.26 

110/500 

7.68 

24.17 

24.17 

24.17 

120  /500 

7.68 

24.17 

24.18 

24.17 

0/750 

7.68 

7.62 

7.62 

7.62 

10 /750 

7.68 

7.62 

7.62 

7.62 

20 /750 

7.68 

7.62 

7.62 

7.62 

30  /750 

7.68 

7.62 

7.62 

7.62 

40 /750 

7.68 

7.62 

7.62 

7.62 

50 /750 

7.68 

7.62 

7.62 

7.62 

60 /750 

7.68 

7.62 

7.62 

7.62 

70 /750 

7.68 

7.62 

7.62 

7.62 

80/750 

7.68 

24.1 

24.1 

24.11 

90 /750 

7.68 

23.85 

23.8 

23.84 

100 /750 

7.68 

24.25 

24.26 

24.25 

110/750 

7.68 

24.15 

24.17 

24.15 

120  /750 

7.68 

24.15 

24.15 

24.15 

0/1000 

7.68 

7.9 

7.9 

7.9 

10/1000 

7.68 

7.9 

7.9 

7.9 

20  /1000 

7.68 

7.9 

7.9 

7.9 

30  /1000 

7.68 

7.9 

7.9 

7.9 

40  /1000 

7.68 

7.9 

7.9 

7.9 

50  /1000 

7.68 

7.9 

7.9 

7.9 

60  /1000 

7.68 

7.9 

7.9 

7.9 

70  /1000 

7.68 

7.9 

7.9 

7.9 

80/1000 

7.68 

24.15 

24.13 

24.18 

90  /1000 

7.68 

23.85 

23.87 

23.88 

100  /1000 

7.68 

24.2 

24.26 

24.24 

110/1000 

7.68 

24.16 

24.2 

24.17 

120  /1000 

7.68 

24.16 

24.17 

24.15 

0  /1500 

7.68 

7.9 

7.9 

7.9 

10/1500 

7.68 

7.9 

7.9 

7.9 

20  /1500 

7.68 

7.9 

7.9 

7.9 

30  /1500 

7.68 

7.9 

7.9 

7.9 

40  /1500 

7.68 

7.9 

7.9 

7.9 

50  /1500 

7.68 

7.9 

7.9 

7.9 

60  /1500 

7.68 

7.9 

7.9 

7.9 

70  /1500 

7.68 

24.13 

24.1 

24.2 

80/1500 

7.68 

24.14 

24.1 

24.14 

90 /1500 

7.68 

23.85 

24 

23.85 
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110/1500 

7.68 

24.15 

24.17 

24.15 

120  /1500 

7.68 

24.14 

24 

24.13 

0  /2000 

7.68 

7.96 

7.96 

7.96 

10/2000 

7.68 

7.9 

7.9 

7.9 

20  /2000 

7.68 

7.96 

7.96 

7.96 

30  /2000 

7.68 

7.9 

7.9 

7.9 

40  /2000 

7.68 

7.96 

7.96 

7.96 

50  /2000 

7.68 

7.9 

7.9 

7.9 

60  /2000 

7.68 

7.9 

7.9 

7.9 

70  /2000 

7.68 

24.13 

24.14 

24.13 

80/2000 

7.68 

24.14 

24.12 

24.14 

90  /2000 

7.68 

24 

24.11 

24.1 

100  /2000 

7.68 

24.24 

24.2 

24.26 

110/2000 

7.68 

24.17 

24.13 

24.18 

120  /2000 

7.68 

24.14 

24.16 

24.19 

0  /3000 

7.68 

7.89 

7.89 

7.89 

10/3000 

7.68 

7.89 

7.89 

7.89 

20  /  3000 

7.68 

7.89 

7.89 

7.89 

30  /  3000 

7.68 

7.89 

7.89 

7.89 

40  /  3000 

7.68 

7.89 

7.89 

7.89 

50  /  3000 

7.68 

7.89 

7.89 

7.89 

60  /  3000 

7.68 

23.83 

23.8 

23.81 

70  /  3000 

7.68 

24.11 

24.13 

24.1 

80/  3000 

7.68 

24.11 

24.13 

24.1 

90  /  3000 

7.68 

24.23 

24.33 

24.3 

100/3000 

7.68 

24.3 

24.2 

24.33 

110/3000 

7.68 

24.2 

24.2 

24.34 

120/3000 

7.68 

24.17 

24.17 

24.31 

0 / 4000 

7.68 

7.89 

7.89 

7.89 

10/ 4000 

7.68 

7.89 

7.89 

7.89 

20  /4000 

7.68 

7.89 

7.89 

7.89 

30  /4000 

7.68 

7.89 

7.89 

7.89 

40  /4000 

7.68 

7.89 

7.89 

7.89 

50 /4000 

7.68 

7.89 

7.89 

7.89 

60  /4000 

7.68 

24.01 

23.91 

23.92 

70  / 4000 

7.68 

24.13 

24.13 

24.13 

80/  4000 

7.68 

24.13 

24.13 

24.13 

90  /  4000 

7.68 

24.43 

24.43 

24.43 

100  /  4000 

7.68 

23.41 

23.41 

24.41 

110/4000 

7.68 

23.59 

23.69 

23.9 

120  /  4000 

7.68 

23.58 

23.59 

23.48 

0 / 6000 

7.68 

7.94 

7.94 

7.94 

10/  6000 

7.68 

7.94 

7.94 

7.94 

20  /  6000 

7.68 

7.94 

7.94 

7.94 

30  /  6000 

7.68 

7.94 

7.94 

7.94 

40  /  6000 

7.68 

7.94 

7.94 

7.94 

50  /  6000 

7.68 

7.94 

7.94 

7.94 
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60  /  6000 

7.68 

7.94 

7.94 

7.94 

70  /  6000 

7.68 

7.94 

7.94 

7.94 

80/ 6000 

7.68 

7.94 

7.94 

7.94 

90  /  6000 

7.68 

7.94 

7.94 

7.94 

100  /  6000 

7.68 

7.94 

7.94 

7.94 

110/6000 

7.68 

24.17 

24.26 

24.17 

120  /  6000 

7.68 

24.21 

24.24 

24.16 

0 / 8000 

7.68 

7.89 

7.89 

7.89 

10/  8000 

7.68 

7.89 

7.89 

7.89 

20  /  8000 

7.68 

7.89 

7.89 

7.89 

30  /  8000 

7.68 

7.89 

7.89 

7.89 

40  /  8000 

7.68 

7.89 

7.89 

7.89 

50  /  8000 

7.68 

7.89 

7.89 

7.89 

60  /  8000 

7.68 

7.89 

7.89 

7.89 

70  /  8000 

7.68 

7.89 

7.89 

7.89 

80/  8000 

7.68 

7.89 

7.89 

7.89 

90  /  8000 

7.68 

7.89 

7.89 

7.89 

100  /  8000 

7.68 

7.89 

7.89 

7.89 

110/8000 

7.68 

7.89 

7.89 

7.89 

30  - 
25  - 
20- 

^  10  - 

Nokia  3210-  pure  silence 

5  - 
0  _ 

<3  ^ 

^  ^  (f? 

O  J3  qV3  ^  ^  2?  <£>  9? 

°  ^  *  A*  #  ^  «$>' 

Figure  1:  External  electric  field  values  (V/m)  generated  by  Nokia  3210  in  GSM-Talk  modulation  in  pure  silence 

in  a  sound  proof  room 
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Figure  2:  External  electric  field  values  (V/m)  generated  by  Nokia  3210  in  GSM-Talk  modulation  with  pure  tone 
in  a  sound  proof  room. 


Figure  3:  External  electric  field  values  (V/m)  generated  by  Nokia  3210  in  GSM-Talk  modulation  with  man’s 

voices  in  a  sound  proof  room. 


Figure  4:  External  electric  field  values  (V/m)  generated  by  Nokia  3210  in  GSM-Talk  modulation  with  woman’s 
voices  in  a  sound  proof  room. 
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Abstract 

It  is  known  that  a  significant  fraction  of  both  acute  and  chronic  pain  experience  is  myofacial  in 
nature.  This  paper  address  the  potential  for  pain  relief  to  be  induced  by  placing  magnets  over  the  trigger  points 
associated  with  that  referred  pain.  This  is  even  more  important  in  patients  with  various  disabilities  and 
experiencing  chronic  sacro-iliac  and/or  low  back  pain. 

It  is  well  recognized  that  a  trigger  point  is  a  functional,  rather  than  an  anatomical,  entity.  From  the 
point  of  view  of  magnetotherapy  it  appears  to  us  that  the  trigger  points  represent  a  plausible 
physiological/tissue  “window”  and/or  pathways  which  allows  magnetic  fields  to  penetrate  through 
physiological  barriers  and  thus  returning  injured  tissues  to  the  homeostatic  state.  It  should  be  noted  that  these 
“tissue  windows”  represent  physiological  “entrance  points”  for  eventual  exogeneous  stimulations,  mainly 
physical  by  nature,  to  enter  the  body. 

There  is  evidence  that  the  application  of  magnetic  field  (via  permanent  magnets)  on  trigger  points  is 
more  effective  for  pain  relief  as  compared  to  other  parts  of  the  body  surface.  The  systemic  effects  should  also 
be  considered  when  magnetic  field  effects  are  discussed.  (We  first  presented  this  idea  at  the  2004  meeting  in 
Kos.) 

We  discuss  the  mechanisms  of  action  related  to  ion  transport  as  central  to  the  integrity  and  proper 
functioning  of  nerve  excitability  and  muscle  contraction.  Any  disruption  of  their  normal  function  would 
directly  and  markedly  affect  human  neurosensory  and  neuromotor  performance.  Biophysical  phenomena 
associated  with  modification  of  ion  transport  are  in  the  millivolt  and  picoampere  range.  Therefore, 
electrophysiological  changes  in  ion  channel  functions  are  among  the  most  sensitive  indicators,  if  not  the  most 
sensitive  indicator,  to  detect  and  quantify  physiological  effects  of  electromagnetic  fields. 

We  postulate  that  in  addition  to  the  known  effect  of  magnetic  fields  on  water  structure  there  could 
be  a  change  in  the  tensile  properties  of  cartilage,  ligaments,  and  other  soft  tissue  structures  which  secondarily 
may  relieve  tension  on  arthritic  joints  or  on  chronically  "inflamed"  areas. 

Introduction 

Increasing  interest  in  alternative  and  complimentary  medicine  has  attracted  the  attention  of 
scientists  and  clinicians  to  the  potential  benefit  of  using  various  static  magnetic  fields  and  EMFs  for 
therapeutic  purposes.  It  is  now  clear  that  magnetic  fields  interact  with  biological  tissues  in  a  way  that 
specific  physiological  changes  occur.  Both  static  and  time  varying  magnetic  fields  were  successfully 
applied  to  treat  therapeutically  resistant  problems  in  the  musculoskeletal  system  (Bassett,  1989  and  1994; 
Pilla  and  Markov  1994;  Markov  1995;  Itoh,  et  al.,  1991;  Markov  and  Pilla  1995;  Shupak,  2003;  Rosch  and 
Markov,  2004).  It  is  accepted  that  EMFs  provide  a  practical,  exogenous  method  for  inducing  cell  and 
tissue  modifications  that  can  correct  selected  pathological  sites.  The  most  effective  clinical  applications  of 
these  physical  factors  are  related  to  bone  unification  as  well  as  reduction  of  pain  and  edema  in  soft  tissues 
(Bassett  1989;  Markov  and  Pilla  1995).  For  musculoskeletal  injuries  and  post-surgical,  post-traumatic  and 
chronic  wounds,  magnetic  fields  are  recognized  as  a  modality  that  contributes  to  reduction  of  edema.  It  is 
well  known  that  edema  reduction  can  be  a  major  therapeutic  instrument  in  the  acceleration  of  pain  and 
stress  relief.  Surprisingly,  edema  reduction  has  been  reported  with  low  amplitude  (in  the  range  of  1-50 
mT),  low  frequency  (in  the  range  of  1-100  Hz),  and  pulsed  radioffequency  (27.12  MHz)  signals  applied  to 
the  site  of  injury/pain  (Markov  and  Pilla  1995;  Rosch  and  Markov,  2004). 
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Static  and  time-variable  electromagnetic  fields  have  been  applied  with  apparent  success  in  the 
management  of  pain  in  a  variety  of  orthopedic  conditions,  most  commonly  traumatic  bone  fractures  or 
surgical  osteotomies  (Becker  and  Selden,  1985;  Becker,  1990;  Miner  and  Markoll,  1993,  Trock  et  al,  1994; 
Bassett,  1994).  Carpenter  and  Ayrapetyan  (1994)  and  Rosch  and  Markov  (2004)  edited  books  that  provide 
excellent  overviews  of  the  biological  effects  of  electric  and  magnetic  fields.  It  is  clear  that  this  is  an  emerging 
field  in  biology  and  medicine.  Attempts  are  being  made  to  scientifically  document  the  impact  of  electric  and 
magnetic  fields  on  biological  systems. 

The  remarkable  observations  that  there  are  no  known  adverse  effects  with  using  permanent 
magnets  or  low  frequency  EMF  stimulation,  lends  support  for  the  therapeutic  use  of  magnetic  fields  is 
(Rosch  and  Markov,  2004).  In  addition,  the  large  body  of  scientific  publications  supports  the  notion  that 
magnetic  therapy  may  have  utility  in  the  treatment  of  pain  (Foley-Nolan  et  al.  1990  and  1992;  Ellis  1993; 
Trock  et  al.  1993a,  1993b,  and  1994;  Markov  and  Pilla  1995;  Vallbona  et  al.  1997;  Sartucci  et  al.  1997; 
Sherman  et  al.  1998).  However,  it  should  be  noted  that  despite  a  number  of  clinical  studies  performed 
world-wide  indicating  successful  use  of  magnetic  fields  for  treatment  of  various  diseases  and  pathologies, 
little  is  known  regarding  the  effectiveness  of  magnetic  fields  in  relieving  low  back  pain  (LBP). 

One  of  us  (CFH)  has  placed  magnets  on  his  body  in  order  to  test  for  pain  relief.  Placing  the 
magnet  on  the  site  of  the  pain  experience  led  to  some  relief,  but  never  considered  satisfactory,  except  on 
rare  occasions.  Upon  seeing  a  figure  from  Travell  and  Simons  (1983),  in  a  pain  clinic,  which  schematically 
showed  a  trigger  point  at  the  mid-thigh  area  near  the  groin  referring  pain  to  the  right  knee  cap,  the  idea 
surfaced,  that  one  could  possibly  “inter  the  body  magnetically”  at  the  site  of  the  trigger  point.  If  that  were 
the  case,  would  pain  relief  be  experienced?  The  procedure  was  completed  within  one  and  one  half  hours — 
the  patellar  pain  (chronic  for  CFH)  completely  dissipated.  This  experience  was  shared  with  another 
physician-scientist,  more  elaborate  experimental  designs  were  considered  and  executed.  Also,  by  applying 
the  magnets  to  trigger  points  of  referred  pain,  volunteer  subjects  have  been  relieved  of  their  pain  within 
twenty  to  forty  minutes  (Vallbona  et  al.,  1997). 

Herein,  we  discuss  the  use  of  static  magnetic  fields  to  provide  pain  relief  in  specific,  and  therapy 
for  myofascial  problems  in  general. 

Chronic  Pain  Symptoms 

Chronic  pain  can  be  defined  as  pain  that  persists  past  the  normal  time  of  healing  and  lasts  at  least 
six  months.  Chronic  pain  is  not  only  a  burden  to  the  individual  who  must  cope  with  the  experience  of 
persistent  pain  symptoms,  but  also  to  the  health  care  system  that  is  often  unable  to  permanently  alleviate  the 
suffering  experienced  by  the  individual.  The  experience  of  chronic  pain  is  a  complex  mixture  of  factors 
that  include  pathological  tissue  changes  eliciting  nociception  as  well  as  psychosocial  and 
psychophysiological  behaviors  elicited  by  pain.  By  definition,  pain  is  a  subjective  phenomenon.  Therefore 
it  is  well  understood  that,  in  order  to  obtain  an  accurate  assessment  of  the  pain  experienced  by  an 
individual,  a  self-report  of  the  pain  intensity  and  symptoms  must  be  considered  along  with  other 
appropriate  medical  assessments  (Goodman  and  McGrath  1991). 

Even  with  the  rapid,  and  often  successful  advances  in  surgical  techniques  and  non-invasive 
therapies  for  the  treatment  of  painful  conditions  such  as  low  back  pain,  many  individuals  suffering  from 
these  conditions  continue  to  experience  pain  after  medical  interventions  have  been  performed  (Mayer  and 
Gatchel  1988).  The  risk  of  anesthesia,  the  length  and  tolerance  of  postoperative  immobility,  and  the  effects 
of  the  biomechanics  of  the  spine  have  to  be  considered  with  respect  to  possible  surgical  interventions.  Bed 
rest,  anti-inflammatory  medications,  steroidal  injections,  and  physical  therapy  programs  are  often 
prescribed.  In  many  of  these  individuals,  the  incidence  of  overuse  or  misuse  of  medication  (Kouyanou  et 
al.  1997)  and  excessive  activity  limitation  (Haythomthwaite  et  al.  1991;  Vendrig  and  Lousberg  1997)  are 
not  uncommon  pain  behaviors. 


Myofascial  pain:  chronic  pain  in  a  different  perspective . 

What  is  myofascial  pain?  Let  us  first  say  some  words  about  “myofascial  problem”.  Physiologist 
have  known  for  relatively  long  time  that  each  and  everyone  of  the  some  400  skeletal  muscles  in  the  human 
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body  are  surrounded  by  connective  tissue  called  fascia.  For  various  reasons  myofascial  problems  could 
occur  at  the  surface  of  interaction  between  muscle  and  fascia,  in  many  cases  caused  by  an  inflammation. 
The  demonstration  of  the  problem  that  occurs  might  be  the  appearance  of  a  localized  sensation  of  pain  at  a 
given  spot  of  the  body  which  is  manifested  also  at  the  body  surface  as  a  myofascial  trigger  point.  In  many 
cases  the  trigger  point  might  be  distant  from  the  place  at  which  myofascial  problem  originated.  Such 
trigger  points  might  be  found  at  different  areas  over  the  body  and  when  touched  the  pain  might  be 
aggravated.  Further,  a  myofascial  trigger  point  is  defined  as  a  hyperirritable  spot,  usually  within  a  taut  band 
of  skeletal  muscle  or  in  the  muscle’s  fascia,  that  elicits  a  painful  experience  upon  touch  (Travell  and 
Simons,  1983,  Vol.  1,  p.  3).  Myofascial  pain  syndrome  is  discussed,  in  detail,  through  out  the  two  volume 
set  by  Travell  and  Simons  (1983,  Volumes  1  and  2)  entitled:  MYOFASCIAL  PAIN  AND  DYSFUNCTION.  As 
pointed  out  by  Travell  and  Simons,  the  word  “myofascial”  was  used,  as  early  as  1940,  “...to  describe  the 
identification  and  treatment  of  trigger  areas  in  muscles  of  the  low  back  and  by  1948,  in  pectoral  muscles” 
(Vol.  1,  p.  10).  Janet  Travell,  in  1952,  adopted  the  term  myofascial.  She  observed  that  during  an 
infraspinatus  muscle  biopsy,  stroking  or  pinching  either  the  superficial  fascia  or  the  contractile  tissue  of  the 
muscle  evoked  the  referred  pain  pattern  from  the  muscle”  (Travell  and  Simons,  1983,  Vol.  1,  p.10).  In 
addition,  Travell  and  Simons  record  that  “ The  expressions,  ‘myofascial  pain  '  and  ‘myofascial  syndrome,  ’ 
have  the  advantage  that  they  clearly  situate  the  illness  in  the  muscle  or  its  fascia,  and  that  they  have  been 
used  consistently  to  identify  TP  [trigger point] phenomena...” 

Trigger  points. 

Trigger  points  may  be  latent  or  active  and  Travell  and  Simons  (1983)  define  them  as  "a  focus  of 
hyperirritability  in  a  tissue  that,  when  compressed,  is  locally  tender  and,  if  sufficiently  hypersensitive,  gives 
rise  to  referred  pain  and  tenderness...”  Thus,  a  trigger  point  is  a  functional,  rather  than  an  anatomical,  entity. 
Nevertheless,  the  identification  of  trigger  points  with  its  referred  pain  experience,  is  relatively  easy  to  identify 
with  the  Trigger  Point  Manual  of  Travell  and  Simons.  When  a  trigger  point  is  inactive,  it  is  difficult  to 
identity,  yet  when  the  process  of  activation  begins  the  sensitivity  of  the  trigger  point  becomes  greater  and 
greater  to  touch — hence,  easier  to  identity.  This  onset  of  sensitivity  may  be  referred  to  as  a  latent  trigger  point. 
Note:  an  active  myofascial  trigger  point  is  always  associated  with  pain,  while  a  latent  trigger  point,  is  not 
usually  associated  pain.  The  latent  trigger  point,  however,  may  cause  restriction  of  motion  and  weakness  of 
the  affected  muscle.  The  latent  trigger  point  may  persist  for  years  after  partial  recovery  from  injury  has 
begun.  Acute  attacks  of  pain  may  exist,  since  minor  overstretching,  overuse,  or  cooling  of  the  muscle  may 
serve  to  reactivate  it  (Travell  and  Simons,  1983).  In  summary,  both  latent  and  active  trigger  points  cause 
dysfunction,  and  active  trigger  points  cause  pain.  Finally,  it  should  be  recognized  that  myofascial  trigger 
points  are  to  be  distinguished  from  those  of  other  tissues  such  as  skin,  ligaments  and  periosteum  (Travell  and 
Simons,  1983). 

Normal  muscles  do  not  contain  detectable  trigger  points.  Normal  muscles  have  no  taut  bands  of 
muscle  fibers,  are  not  tender  to  firm  palpation,  exhibit  no  local  twitch  responses,  and  do  not  refer  pain  in 
response  to  applied  pressure.  Males  or  females  of  any  age  can  develop  trigger  points-particularly  sedentary, 
middle-aged  women.  Except  in  later  years,  women  seem  somewhat  more  likely  than  men  to  develop 
myofascial  pain  syndromes.  It  appears  that  women  are  more  likely  (rather  than  men)  to  seek  medical  aid  for 
pain  of  myofascial  origin  (Travell  and  Simons,  1983). 

Active  trigger  points  are  more  likely  to  reside  in  postural  muscles  of  the  neck,  shoulder,  pelvic 
girdles,  and  the  muscles  of  mastication.  Again,  the  upper  trapezius,  scalenes,  stemocleidomastoids,  levator 
scapulae  and  quadratus  lumbomm  muscles  are  commonly  involved.  Myofascial  pain  is  referred  from  trigger 
points  in  specific  patterns  characteristic  of  each  muscle  (Travell  and  Simons,  1983).  The  trigger  points,  for 
spontaneous  pain,  are  rarely  located  in  the  spatial  area  of  the  pain  experience.  That  is,  trigger  points  and 
the  area  of  the  pain  experience  are  spatially  displaced.  Referred  pain  of  myofascial  trigger  points  usually  is 
described  as  dull  and  aching,  often  deep,  with  intensity  varying  from  low-grade  discomfort  to  severe  and 
incapacitating.  It  may  occur  at  rest,  or  only  on  motion. 

Digital  pressure  on  a  given  trigger  point  (or  penetrating  the  trigger  point  with  a  needle)  elicits 
referred  pain  or  causes  an  increase  in  intensity  of  that  pain.  The  more  hypersensitive  the  trigger  point,  the 
more  intense  and  consistent  is  the  referred  pain,  and  the  more  extensive  and  sustained  is  its  distribution.  In 
various  myofascial  trigger  point  syndromes,  pain  is  rarely  completely  symmetrical  across  the  body.  At 
examination,  the  patient  usually  complains  of  pain  from  the  most  recently  activated  trigger  point.  When  this  trigger 
point  is  eliminated,  the  pain  pattern  may  shift  to  that  of  an  earlier  trigger  point  that  also  must  be 
inactivated.  If  the  initial  (or  dominant)  trigger  point  is  inactivated  first,  the  patient  may  recover  without  fur¬ 
ther  treatment.  Travell  and  Simons  (1983)  point  out  that  Pain  referred  from  myofascial  trigger  points  do  not 
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follow  simple  segmental  patterns,  familiar  neurological  patterns,  nor  the  known  patterns  for  referred  pain  of 
visceral  origin. 

The  severity  and  extent  of  the  referred  pain  pattern  depends  on  the  degree  of  irritation,  and/or 
inflammation  of  the  trigger  point,  not  on  the  size  of  the  muscle.  Trigger  points  are  activated  directly  by 
acute  overload,  overwork  fatigue,  direct  trauma,  and  by  chilling.  Primary  myofascial  trigger  points  also 
develop  in  muscles  subject  to  excessive  repetitive  or  sustained  contractions  (overload  fatigue).  Secondary 
trigger  points  are  likely  to  develop  in  adjacent  muscles  that  are  chronically  overloaded  by  spasms.  It  is  well 
known  that  active  myofascial  trigger  points  vary  in  irritability  from  hour-to-hour  and  from  day  to  day.  The 
amount  of  stress  required  to  produce  myofascial  pain  is  highly  variable,  compared  with  other  muscular 
pains,  including  angina  and  intermittent  claudication,  that  are  due  to  arterial  insufficiency.  Trigger-point 
irritability  may  be  increased  from  a  latent  to  an  active  level  by  many  factors.  The  amount  of  stress  needed  to 
activate  a  latent  trigger  point  and  thus  cause  a  clinical  pain  syndrome  depends  on  the  degree  of  conditioning 
of  the  muscle;  the  greater  the  exercise  tolerance  of  the  muscle,  the  lower  the  susceptibility  of  its  trigger 
points  to  activation. 

Once,  knowledge  of  the  referred  pain  by  trigger  points  was  clear,  an  assumption  was  made  that 
magnetic  fields,  applied  to  trigger  points,  would  reduce  or  abolish  the  pain  referred  by  the  specific  trigger 
point.  The  first  test  of  this  hypothesis  was  initiated  in  pilot  study  of  a  small  population  of  subjects  with  a 
chronic  pain  condition  known  as  the  Post  Polio  syndrome.  In  this  clinical  setting,  the  trigger  points  and 
their  sites  of  referred  pain  were  well  delineated. 

Post-polio  syndrome. 

Overuse  of  body  parts  is  perhaps  the  largest  cause  of  myofascial  type  pain.  The  magnitude  of  the 
population  involved  with  the  malady  is  unknown;  however,  one  well-known  group  within  the  broad  group 
of  disabilities  is  the  survivors  of  polio.  Within  this  group  is  found  a  sizable  number  people  suffering  from 
both  chronic  and  acute  pain:  the  Post-polio  syndrome  (PPS).  Halstead  et  al.  (1985)  compiled  responses  to 
questionnaires  sent  in  1985  to  polio  survivors  identified  through  informal  networks.  The  pain  was  classified 
as  myofascitis  secondary  to  progressive  denervation;  and  this  continues  to  be  reasonable.  For  example, 
Trojan  and  Cashman  (2005)  point  out  that  “The  cause  of  PPS  remains  unclear,  but  is  likely  due  to  distal 
degeneration  of  enlarged  post-poliomyelitis  motor  units.”.  Subsequent  observations,  revealed  psychological 
and  social  effects  that  cause  changes  in  both  quality  of  life  and  in  lifestyle  (Hollingsworth,  et  al,  2005).  In 
regard  to  numbers:  one  of  the  latest  estimates  of  the  size  of  the  population  of  polio  survivors  is  set  at  one 
million.  Within  that  group,  the  population  of  people  with  post-polio  syndrome  is  stated  to  be  on  the  order  of 
80%  (Elrod  et  al.,  2005)  In  this  project,  75.5%  of  the  patients  had  muscle  pain  and  75.4%  had  joint  pain. 
The  types  of  pain  experiences  in  this  group  are  multiple,  including  a  lot  of  diffuse  muscle  and  joint  pain 
(Smith  and  Mabry,  1995).  Recovery  from  the  diffuse  muscle  pain  can  take  many  months  and  requires 
considerable  compliance  (Peach  and  Olejnik,  1991).  The  joint  pain  is  thought  to  be  due  to  degenerative 
arthritis  caused  by  age.  Subacute  or  chronic  sacroilitis  occurs  very  often,  but  many  times  it  is  not 
recognized  because  other  forms  of  low  back  pain  mask  it. 

Clinical  study  of  Postpolio  Patients.  A  double  blind,  randomized  clinical  trial  was  conducted  in 
postpolio  patients  to  determine  if  pain  was  relieved  by  application  of  static  magnetic  fields  applied  directly 
over  an  identified  pain  trigger  point  (Vallbona  et  al.  1997).  The  devices  used  in  this  study  were  Bioflex 
magnets  (Magnalex,  Inc.,  Corpus  Christi,  TX)  which  have  a  pattern  of  concentrically  arranged  circles  of 
alternating  magnet  polarity.  Depending  on  the  area  involved,  the  device  was  a  disc  (40  or  90  mm  in  size),  a 
credit  card-sized  pad,  or  a  strip.  The  magnetic  field  intensity  of  the  device  was  rated  at  500  Gauss  at  the 
device  surface  for  the  40-mm  disc  and  the  strips.  The  90-mm  discs  and  credit-card  pads  were  rated  at  300 
Gauss  at  the  surface.  Placebo  devices  were  of  identical  sizes  and  shapes. 

Fifty  postpolio  patients  with  muscular  or  arthritic  pain  participated  in  this  study.  Twenty-nine 
patients  (5  males,  24  females;  mean  age=51.5  years)  were  randomly  selected  to  receive  treatment  with  the 
active  magnetized  device;  21  patients  (6  males,  15  females;  mean  age=55.9)  received  treatment  with  the 
inactive  device.  Patients  were  asked  to  complete  a  McGill  Pain  Questionnaire  to  provide  a  subjective 
evaluation  of  his  or  her  general  pain  experience  (a  validated  method  for  analyzing  pain).  Only  one  area  of 
pain  was  evaluated,  even  thought  multiple  sites  may  have  been  present.  A  trigger  point  associated  with  the 
site  of  pain  was  grossly  elicited  first  by  finger  palpation  and  then  by  firm  application  of  a  blunt  object, 
which  in  non-painful  areas  produced  a  sensation  of  pressure  but  no  pain.  The  patient  was  asked  to 
subjectively  grade  the  pain  at  the  trigger  point  on  a  scale  from  1  to  10  (with  1  being  the  least  and  10  being 
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the  maximum).  The  appropriately  sized  magnetic  or  placebo  device  was  placed  on  the  area  of  pain  with 
adhesive  tape  for  45  minutes.  After  removal  of  the  device,  the  patient  was  asked  to  assess  the  intensity  of 
pain  again  using  the  McGill  Pain  Questionnaire.  The  proportion  of  patients  in  the  active-device  group  who 
reported  a  pain  score  decrease  greater  than  the  average  placebo  effect  was  76%,  compared  with  19%  in  the 
placebo-device  group  (p  <  .0001)  (Vallbona,  etal.,  1997). 

Chronic  Low  Back  Pain 

Low  back  pain  (LBP)  represents  an  important  health  problem  in  which  medical  costs  and  lost 
work  capacity  are  major  issues.  Disorders  of  the  low  back  are  a  major  cause  of  disability  of  people  under 
the  age  of  45  (Mayer  and  Gatchel  1988).  In  fact,  work  incapacity  resulting  from  LBP  has  been  estimated  to 
vary  between  2%  and  8%  in  Western  Europe  and  North  America  (Nachemson  1992).  The  medical  costs 
associated  with  the  treatment  of  low  back  disorders  have  been  estimated  to  fluctuate  between  $4.6  and  $60 
billion  annually  in  the  U.S.  (Lee  1994;  Miedema  et  al.  1998). 

Static  and  time-varying  EMFs  have  been  applied  with  apparent  success  in  the  management  of  pain 
in  a  variety  of  orthopedic  conditions,  most  commonly  traumatic  bone  fractures  or  surgical  osteotomies 
(Bassett  1989).  Furthermore,  in  the  domain  of  osteoarthritis  several  double  blind,  placebo-controlled 
studies  demonstrated  the  efficacy  of  pulsed  EMFs  for  the  relief  of  pain  (Trock  et  al.  1993a,  1993b,  and 
1994). 

A  large  body  of  scientific  literature  suggests  that  magnetic  therapy  my  have  utility  in  the  treatment 
of  pain  (Foley-Nolan  et  al.  1990  and  1992;  Ellis  1993;  Trock  et  al.  1993a,  1993b,  and  1994;  Markov  and 
Pilla  1995;  Vallbona  et  al.  1997;  Sartucci  et  al.  1997;  Sherman  et  al.  1998).  However,  it  should  be  noted 
that  despite  a  number  of  clinical  studies  performed  world-wide  indicating  successful  use  of  magnetic  fields 
for  treatment  of  various  diseases  and  pathologies,  little  is  known  regarding  the  effectiveness  of  magnetic 
fields  in  relieving  LBP. 

In  the  experimental  design,  trigger  points  were  identified  for  the  subject’s  pain  experience.  Magnets 
of  a  specific  design  were  placed  over  the  trigger  points  responsible  for  the  pain  experience.  These  magnets  had 
been  charged  to  surface  field  strengths  between  300  to  500  Gauss  and  were  disc-shaped.  The  disc  magnets 
can  be  kept  in  place  by  means  of  adhesive  tape  and/or  specially  made  double  sided  adhesive,  which  is  attached 
directly  to  the  disc  surface.  It  is  clear  from  initial  studies  that  the  application  of  the  magnets  to  a  trigger  point 
can  reduce  or  eliminate  (by  subjective  measure)  the  pain  referred  from  that  trigger  point.  The  mechanisms  of 
the  effect  of  magnetic  fields  on  soft  tissues  have  not  been  elucidated. 

The  hypothesis 

One  of  us  (MSM)  have  been  studied  the  biological  and  clinical  effects  of  magnetic  fields  for  several 
decades.  The  hypothesis  for  “biological  windows”  have  been  proposed  in  1976  and  further  developed.  This 
term  refers  to  existing  preferred  values  of  magnetic  fields  that  cause  significant  biological  response.  It  appears 
that  Mother  Nature,  during  evolution,  created  mechanisms  for  response  at  which  selected  magnetic  fields  are 
detected,  while  living  creatures  neglected  other  signals,  which  could  be  even  stronger  (Markov,  1994).  The 
existence  of  such  windows  have  been  proven  in  studies  with  various  living  systems  as  well  as  with  different 
systems  in  human  body.  Probably  we  should  speak  about  “biophysical  windows”  instead  of  “biological 
windows”.  The  difference  should  be  that  this  idea  is  more  related  to  the  physical  parameters  of  the  applied 
endogenous  signal  rather  than  to  biological  characteristics.  From  a  biological  point  of  view,  one  plausible 
mechanism  could  be  linked  to  the  idea  proposed  by  Blank  (2004),  who  reported  existence  of  a  domain  in  the 
heat  shock  protein  HS70  that  is  responsible  for  detecting  the  MF  signal. 

We  are  proposing  a  hypothesis  that  trigger  points  represent  a  real  biological  “window”  or  “door”  for 
delivering  the  magnetic  field  to  the  muscles  or  other  body  parts  that  experience  pain.  Let  us  make  a  following 
model:  The  part  of  the  body  that  represents  an  activated  trigger  point  virtually  could  open  the  door  for  any 
physical  influence.  When  appropriate  magnetic  field  is  applied,  like  a  key  for  the  locker,  the  door  “opens”  and 
allows  the  magnetic  field,  virtually  to  enter  the  body.  Next,  via  the  systemic  effect  (presented  by  us  at  Kos 
meeting  2003),  the  signal  is  delivered  to  the  source  of  the  problem  -  where  irritation,  inflammation,  or  some 
other  pathophysiological  disturbances  took  place.  In  that  part  of  the  body,  inflammation  may  invoke  T- 
lymphocytes  for  fighting  the  inflammation.  As  it  was  shown,  by  one  of  us,  at  the  Rhodes  meeting  (Nindl  et  al, 
2002)  and  in  our  recent  publication  (Markov  et  al.,  2006),  magnetic  fields  more  significantly  influence  the 
lymphocytes  activated  by  the  disturbances. 
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This  hypothesis  might  be  summarized  as  follows: 

❖  A  trigger  point  becomes  activated  due  to  inflammation  at  the  interface  between  muscles,  and  fascia 

❖  If  an  appropriate  magnetic  field  is  applied,  the  trigger  point  secures  the  pathway  for  the  magnetic 
field 

❖  Via  systemic  effect,  the  signal  is  delivered  to  the  source  of  inflammation  (i.e.,  the  interface  between 
muscle  and  fascia 

❖  Magnetic  fields  stimulate  those  T-lymphocytes  that  have  been  activated  by  inflammation,  thus 
reducing  the  inflammation  and,  in  turn,  bring  about  pain  relief. 

We  also  postulate  that,  there  could  be  a  change  in  the  tensile  properties  of  cartilage,  ligaments,  and 
other  soft  tissue  structures,  which  secondarily  may  relieve  tension  on  arthritic  joints  or  on  chronically 
"inflamed"  areas.  Such  ideas  seem  very  possible  in  light  of  the  work  of  Becker  and  Selden  (1985)  and 
Vallbona,  et  al.  (1983).  That  the  magnetic  fields  interact  with  the  biological  “transmission  lines”  contained 
within  the  trigger  point  area;  and,  that  the  “transmission  lines”  possibly  communicate  with  the  inflamed  area 
of  the  pain  experience.  Such  speculation  is  consistent  with  the  concept  of  the  systemic  effect  (Ericsson,  et  al, 
2005)  (Markov,  et  al.,  2006). 

Continuing  with  this  line  of  thought,  we  remind  the  reader  that  connective  (i.e.,  the 
extracellular  matrix)  has  been  suggested  to  be  involved  in  myofascial  pain  as  well  as  in  pain  relief.  As 
discussed  above,  a  network  of  connective  tissue  surrounds  each  muscle  fiber  of  a  given  muscle,  all  muscle 
groups  (arms,  legs,  trunk,  head,  and  neck),  all  nerve  fibers,  neuromuscular  junctions,  etc.  (Fawcett,  1994, 
Chapters  5,  10,  and  11;  Barker,  1974).  It  has  been  hypothesized  that  contraction-relaxation  units  exist 
throughout  the  extracellular  matrix  of  the  body  (Hazlewood,  2003).  It  is  proposed  that  shortening  of  these 
"units”  do  induce  pain,  and  relaxation  of  these  "units"  do  induce  pain  relief.  For  myofascial  type  pain  the 
possibility  of  the  involvement  of  the  connective  tissues  as  a  player  in  various  pain  syndromes  is  reasonable. 

In  conclusion:  We  realize  that  the  speculations  put  forth  in  this  presentation  may  be  a  little 
overwhelming.  Nevertheless,  we  ask  for  your  indulgence— please  remember,  these  speculations  are  intended 
to  provoke  both  thought  and  experimentation.  Note:  We  are  searching  for  an  explanation  of  the  observation 
that  the  probability  of  pain  relief  is  enhanced  when  a  magnet  is  placed  over  a  trigger  point  as  opposed  to 
direct  placement  on  the  painful  area;  and,  therefore  ask  the  question:  Could  trigger  points  serve  as  a 
sensitive  “tissue  window”  providing  pathways  of  stimulation  to  the  needed  area? 


References 

Barker,  D.  1974  The  morphology  of  muscle  receptors.  In:  Muscle  Receptors.  By  Barker,  D.,  Hunt,  C.C., 
and  McIntyre,  A.K.  Ed.  By  Hunt,  C.C.  Springer- Verlag  Berlin.  310  pp. 

Bassett,  C.A.L.  1989.  Fundamental  and  practical  aspects  of  therapeutic  uses  of  pulsed  electromagnetic 
fields  (PEMFs).  Critical  Reviews  in  Biomedical  Engineering.  17:451-529. 

Bassett,  A.  1994.  Therapeutic  Uses  of  Electric  and  Magnetic  Fields  in  Orthopedics.  In:  Carpenter,  D.O.,  and 
Ayrapetyan,  S.  Biological  Effects  of  Electric  and  Magnetic  Fields— Beneficial  and  Harmful  effects.  Vol.  2. 
Academic  Press,  Inc.  pp.  13-48. 

Becker,  R.O.  1990.  Cross  Currents.  The  perils  of  electromedicine,  the  promise  of  electromedicine.  The 
Putnam  Publishing  Group,  New  York,  NY 

Becker,  R.O.,  and  Selden,  G.  1985.  The  Body  Electric:  Electromagnetism  and  the  Foundation  of  Life:William 
Morrow  &  Company,  Inc.,  New  York,  p  364. 


480 


MAGNETS  AND  TRIGGER  POINTS 


Blank,  M.  and  Goodman  R.  2004.  A  biological  guide  for  electromagnetic  safety:  The  stress  response. 
Bioelectromagnetics.  25:  642-646 

Carpenter,  D.O.  and  Ayrapetyan,  S.  (Eds.)  1994.  Biological  Effects  of  Electric  and  Magnetic  Fields.  Vol.  1, 
Sources  and  Mechanisms  and  Vol.  2,  Beneficial  and  Harmful  Effects.  Academic  Press. 

Ellis,  W.V.  1993.  Pain  control  using  high-intensity  pulsed  magnetic  stimulation.  Bioelectromagnetics. 
14:553-556. 

Elrod,  L.M.,  Jabben,  M.,  Oswald,  G.,  Szirony,  G.M.  2005.  Vocational  Implications  of  Post-polio  syndrome. 
Work. 25 (2):  155-161. 

Environmental  Health  Criteria  69:  Magnetic  Fields  World  Health  Organization,  Geneva  1987,  p  197. 

Fawcett,  D.W.  1994.  Bloom  and  Fawcett:  A  Textbook  of  Histology.  Twelfth  edition.  Chapman  &  Hall, 
New  York.  964  pp. 

Foley-Nolan,  D.,  Barry,  C.,  Coughlan,  R.J.,  O'Connor,  P.,  and  Roden,  D.  1990.  Pulsed  high  frequency 
(27MHz)  electromagnetic  therapy  for  persistent  neck  pain.  A  double  blind,  placebo-controlled  study  of  20 
patients.  Orthopedics  13:445-451 

Foley-Nolan,  D.,  Moore,  K.,  Codd,  M.,  Barry,  C.,  O'Connor,  P.,  and  Coughlan,  R.J.  1992.  Low  energy  high 
frequency  pulsed  electromagnetic  therapy  for  acute  whiplash  injuries.  A  double  blind  randomized  controlled 
study.  Scand.  J.  Rehab.  Med.  24:51-59. 

Glassman,  L.S.,  McGrath,  M.H.  and  Bassett  C.A.L.  1986.  Effect  of  external  pulsing  electromagnetic  fields 
on  the  healing  of  soft  tissue.  Ann.  Plast.  Surg.  16:287-295. 

Grande,  D.A.,  Magee  F.P.,  Weinstein,  A.M.,  and  McLeod,  B.R.  1990.  The  effects  of  low-energy  combined 
AC  and  DC  magnetic  fields  on  articular  cartilage  metabolism.  Annals  N.Y.  Acad.  Sci.  404-407. 

Halstead,  L.S.,  Wiechers,  D.O.,  Rossi,  C.R.  1985.  Late  effects  of  poliomyelitis:  A  national  survey.  Im 
Halstead  LS,  Wiechers  DO  (eds):  Late  Effects  of  Poliomyelitis.  Miami,  Florida:  Symposia  Foundation. 

Hazlewood,  C.  F.  2003.  Treatment  of  Post-Polio  Pain  with  a  Static  Magnetic  Field  and  Some  Notions  on 
Mechanism.  In:  “Magnetotherapy:  Potential  Therapeutic  Benefits  and  Adverse  Effects”.  Ed.  By  Michael  J. 
McLean,  Stefan  Engstrom  and  Robert  R.  Holcomb  Floating  Gallery  Press,  pp.  191-207. 

Haythomthwaite,  J.A.,  W.J.  Sieber,  and  R.D.  Kems.  1991.  Depression  and  the  chronic  pain  experience. 
Pain.  46:177-184. 

Health  and  Safety  Guide  No.  27:  Magnetic  Fields  Health  and  Safety  Guide.  World  Health  Organization. 
1989,  p  24. 

Herman,  E.,  R.  Williams,  P.  Stratford,  A.  Fargas-Babjak,  and  M.  Trott.  1994.  A  randomized  controlled 
trial  of  transcutaneous  electrical  nerve  stimulation  (CODETRON)  to  determine  its  benefits  in  a 
rehabilitation  program  for  acute  occupational  low  back  pain.  Spine.  19:561-568. 

Hollingsworth,  L.,  Diderot,  M.J.,  and  Levington,  C.  2005  Post-polio  Syndrome:  Psychological  Adjustment  to 
Disability.  Issues  Ment.  Health  Nurs  23(2):  135-156. 

Itoh,  M.,  Montemayor,  J.S.,  Matsumoto,  E.,  Eason,  A.,  Lee,  M.H.,  and  Folk,  F.S.  1991.  Accellerated  wound 
healing  of  pressure  ulcers  by  pulsed  high  peak  power  electromagnetic  energy  (Diapulse).  Decubitus  4:29-34, 


481 


HAZLEWOOD  AND  MARKOV 


Loeser,  J.D.  1980.  Perspectives  on  pain.  In:  Clinical  Pharmacology  and  Therapeutics.  P.  Turner,  ed. 
University  Park  Press :Baltimore.  pp.  313-316. 

Markov,  M.S.  1995.  Electric  current  and  electromagnetic  field  effects  on  soft  tissue:  Implications  for 
wound  healing.  Wounds.  7:94-110. 

Markov,  M.S.  and  Pilla,  A.  A.  1995.  Electromagnetic  field  stimulation  of  soft  tissues:  pulsed  radio 
frequency  treatment  of  post-operative  pain  and  edema.  Wounds.  7:143-151. 

Markov,  M.S.,  Hazlewood,  C.F.,  Ericsson,  A.D.  2004.  Systemic  effect  -  a  plausible  explanation  of  the 
benefit  of  magnetic  field  therapy:  A  hypothesis  -  3rd  International  Workshop  on  Biological  Effects  of  EMF 
-  Kos,  Greece,  October  4-8,  2004,  673-682,  ISBN  960-233-151-8. 

Mayer,  T.G.  and  R.J.  Gatchel.  1988.  Introduction  and  overview  of  the  problem.  In:  Functional 
Restoration  for  Spinal  Disorders:  The  Sports  Medicine  Approach.  T.G.  Mayer  and  R.J.  Gatchel,  eds.  Lea 
&  Febiger: Philadelphia,  PA.  pp.  3-15. 

McCray,  R.E.  and  N.J.  Patton.  1984.  Pain  relief  at  trigger  points:  a  comparison  of  moist  heat  and 
shortwave  diathermy.  JOSPT.  5:175-178. 

Miner,  W.K.,  and  Markoll,  R.  1993.  A  Double-Blind  Trial  of  the  Clinical  Effects  of  Pulsed  Electromagnetic 
fields  in  Osteoarthritis.  J.  Rheumatol.  20:  456-460. 

Nachemson,  A.L.  1992.  Newest  knowledge  of  low  back  pain:  a  critical  look.  In:  Clinical  Orthopaedics 
and  Related  Research.  M.R.  Urist,  ed.  J.P.  Lippincott  Co. Philadelphia,  pp.  8-20. 

National  Research  Council  (NRC).  1996.  Possible  Health  Effects  of  Exposure  to  Residential  Electric  and 
Magnetic  Fields.  Executive  Summary.  Committee  on  the  Possible  Effects  of  Electromagnetic  Fields  on 
Biological  Systems,  Board  on  Radiation  Effects  Research,  Commission  on  Life  Sciences,  and  National 
Research  Council.  National  Academy  Press: Washington,  D.C.  pp.  1-7. 

Nindl,  G.,  Johnson,  M.T.,  Hughes,  E.F.,  Markov,  M.S.  2002.  Therapeutic  electromagnetic  field  effects  on 
normal  and  activated  Jurkat  cells  -  International  Workshop  of  Biological  effects  of  Electromagnetic  fields, 
Rhodes,  Greece,  7-1 1  October  2002,  p.167-173.  ISBN  #  960-86733-3-X. 

Pfingsten,  M.,  J.  Hildebrandt,  E.  Leibing,  C.  Franz,  and  P.  Saur.  1997.  Effectiveness  of  a  multimodal 
treatment  program  for  chronic  low-back  pain.  Pain.  73:77-85. 

Peach,  P.  and  Olejnik,  S.  1991.  Effect  of  Treatment  and  Non-Compliance  on  Post-Polio  Sequelae. 
Orthopedics  14:  1199-1203. 

Pilla,  A.A.  and  Markov,  M.S.  1994.  Bioeffects  of  weak  electromagnetic  fields.  Reviews  on 
Environmental  Health.  10:155-169. 

Rosch  P.J.  and  Markov  M.S. (eds.)  2004.  Bioelectromagnetic  Medicine,  Marcel  Dekker  NY,  850  pp. 

Sartucci,  F.,  Bonfiglio,  L.,  Del  Seppia,  c.,  Luschi,  P.,  Ghione,  S.,  Murri,  L.,  and  Papi,  F.  1997.  Changes 
in  pain  perception  and  pain-related  somatosensory  evoked  potentials  in  humans  produced  by  exposure  to 
oscillating  magnetic  fields.  Brain  Research.  769:362-366. 

Sherman,  R.A.,  Robson,  L.,  and  Marden,  L.A.  1998.  Initial  exploration  of  pulsing  electromagnetic  fields 
for  treatment  of  migraine.  Headache.  38:208-213. 


482 


MAGNETS  AND  TRIGGER  POINTS 


Shupak  N.2003.  Therapeutic  uses  of  pulsed  magnetic-field  exposure:  A  review.  Radio  Science  Bulletin  # 
307;  9-32 

Travell,  J.G.  and  Simons,  D.G.  Myofascial  Pain  and  Dysfunction  The  Trigger  Point  Manual:  Volume  1,  The 
Upper  Extremities,  published  in  1983  and  Volume  2,  The  Lower  Extremities,  published  in  1992.  Williams 
and  Wilkins. 

Track,  D.H.,  A.J.  Bollet,  R.H.  Dyer,  Jr.,  L.P.  Fielding,  W.K.  Miner,  and  R.  Markoll.  1993a.  A  double¬ 
blind  trial  of  the  clinical  effects  of  pulsed  electromagnetic  fields  in  osteoarthritis.  J.  Rheumatol.  20:456- 
460. 

Track,  D.H.,  A.J.  Bollet,  and  R.  Markoll.  1993b.  Treatment  of  osteoarthritis  with  pulsed  electromagnetic 
fields.  Arthritis  and  Rheumatism.  36:130-131. 

Track,  D.H.,  Bollet,  A.J.,  and  Markoll,  R.  1994.  The  Effect  of  Pulsed  Electromagnetic  Fields  in  the  Treatment 
of  Osteoarthritis  of  the  Knee  and  Cervical  Spine.  Report  of  Randomised,  Double  Blind,  Placebo  Controlled 
Trials.  J.  Rheumatol.  21:1903-1911. 

Trojan,  D.A.,  and  Cashman,  N.R.  2005  Post-poliomyelitis  Syndrome.  Muscle  Verve. 3 1(1):  6-19 

Vallbona,  C.,  Hazlewood,  C.F.  and  Jurida  G..  1997.  Response  of  pain  to  static  magnetic  fields  in  postpolio 
patients:  a  double-blind  pilot  study.  Arch.  Phys.  Med.  Rehabil.  78:1200-1203. 

Varcaccio-Garofalo,  G.,  Carriero,  C.,  Loizzo,  M.R.,  Amoruso,  S.,  and  Loizzi,  P..  1995.  Analgesic 
properties  of  electromagnetic  field  therapy  in  patients  with  chronic  pelvic  pain.  Clin.  Exp.  Obst.  Gyn. 
22:350-354. 

Vendrig,  A. A.  and  Lousberg,  R.  1997.  Within-person  relationships  among  pain  intensity,  mood  and 
physical  activity  in  chronic  pain:  a  naturalistic  approach.  Pain.  73:71-76. 

Wagstaff,  P.,  Wagstaff,  S.,  and  Downey,  M.  1986.  A  pilot  study  to  compare  the  efficacy  of  continuous  and 
pulsed  magnetic  energy  |  short-wave  diathermy  |  on  the  relief  of  low  back  pain.  Physiotherapy:  72:563- 
566. 

World  Health  Organization  (WHO).  1987a.  Magnetic  Fields.  United  Nations  Environment  Programme, 
World  Health  Organization,  and  The  International  Radiation  Protection  Association.  Environmental  Health 
Criteria  69.  pp.  25-33,  119-127. 

World  Health  Organization  (WHO).  1987b.  Magnetic  Fields  Health  and  Safety  Guide.  United  Nations 
Environment  Programme,  World  Health  Organization,  and  The  International  Radiation  Protection 
Association.  Health  and  Safety  Guide  No.  27.  pp.  7-24. 


483 


FLUIDIC  MICROSYSTEMS  FOR  BIOIOGICAL  CELL 
SAMPLE  HANDLING  AND  ANALYSIS 


KARAN  KALER,  YOULAN  LI,  THIRUKUMARAN  T.  K., 


COLIN  DALTON  AND  RANJIT  PRAKASH 

DEPARTMENT  OF  ELECTRICAL  AND  COMPUTER  ENGINEERING 
SCHULICH  SCHOOL  OF  ENGINEERING, 
UNIVERSITY  OF  CALGARY, 

2500  UNIVERSITY  DRIVE  N.W., 

CALGARY,  CANADA  (T2N-1N4) 


Abstract 

The  ability  to  manipulate  volumes  of  liquid  and  their  constituent  components,  such  as  cells,  organelles  and  their 
nucleic  acids,  utilizing  very  small  (microliter)  sample  volumes  provides  new  and  novel  opportunities  and 
capabilities  in  microchip  based  bio-analysis  and  detection  or  lab-on-a-chip  based  diagnostics.  The  low  sample 
volume  requirements  and  rapid  real-time  processing  capability  enables  parallel  and  multi  processing  capability 
without  adverse  impact  on  sample  degradation. 

Our  research  effort  has  focused  on  the  development  and  application  of  non-invasive  cell  manipulations  and 
separation  techniques  to  facilitate  fraction  of  diseased  and  healthy  cells  on  a  microchip  in  a  rapid  fashion  with 
minimal  amount  of  sample  preparation.  The  cell  sample  processing  capability  is  provide  by  electrokinetic  based 
manipulation  on-chip  by  leveraging  the  phenomena  of  dielectrophoresis  (DEP).  We  explore  the  integration  of 
electrokinetic  methods  for  both  particle  and  liquid  manipulations  utilizing  conventional  “closed  channel” 
microfluidic  structures  as  well  as  surface  fluidic  or  “open  channel”  schemes. 

Utilizing  closed  channel  microfluidic  structures,  we  have  demonstrated  DEP  cell  separation  capability  on  batch 
and  continuous  flow  through  samples.  We  have  furthermore  explored  the  combined  use  of  liquid  and  particle 
DEP  to  provide  alternate  means  of  processing/manipulating  micro  litre  sized  liquid  droplets  containing  cells. 
This  cell  sample  preparation  capabilities  provided  by  the  integrated  DEP  and  microfluidic,  when  integrated  with 
other  down  stream  processing  components,  such  as  cell  lyses,  genetic  amplification  and  nucleic  acid  detection 
capability,  has  the  potential  of  providing  a  complete  bio-analysis  on  a  chip.  The  proposed  platform  technology  is 
not  limited  to  applications  targeted  to  disease  detection;  it  is  equally  suitable  for  the  detection  of  environmental 
agents  and  pathogens  that  have  adverse  impact  on  human  health.  Furthermore,  the  technology  makes  available 
useful  small  sample  handling  and  analysis  capabilities,  which  can  be  leveraged  to  benefit  investigations 
concerning  interaction  of  E.M.  fields  with  biological  cells. 

1.  Introduction 

In  recent  years,  as  a  result  of  advances  in  microfabrication  methods,  materials  and  process  technology  and 
coupled  with  it’s  availability  to  the  research  community  has  resulted  in  many  new  and  novel  application  of  the 
technology  in  many  diverse  areas  in  addition  to  the  traditional  semiconductors  and  microchip  industry  [1,  2].  For 
example  the  ability  to  lithographically  pattern  and  etch  microscopic  scale  micro-channels  in  glass  provided  a 
compact  footprint  for  the  development  of  capillary  electrophoresis,  with  improved  sample  handling,  detection 
and  throughput  [3].  Furthermore  the  miniaturization  of  such  devices  has  made  it  possible  for  their  infield 
deployment  and  handheld  operation.  Despite  the  success  of  such  development  in  fluidic  microsystems,  a  number 
of  issues  and  obstacles  need  to  be  addressed  before  the  technology  can  be  considered  reliable  and  mature  enough 
to  be  applied  successfully  in  the  more  critical  and  demanding  arena  pf  biomedical  diagnostics,  on  a  routine  basis. 
Of  major  concern  and  a  significant  challenge  in  this  regard  is  the  availability  of  suitable  on-chip  low  volume 
sample  preparation  and  handling  methods  [4,  5]  in  additional  to  suitable  sample  isolation  (valving),  pumping, 
mixing  components. 

Recent  advances  in  the  development  and  application  of  A.C.  electrokinetics  has  shown  that  simultaneous 
handling  and  manipulation  of  very  small  quantity  of  fluids  and  particles,  such  as  cells  can  be  achieved  utilizing 
the  traditional  closed  channel  microfluidic  and  more  recently  open  channel  surface  microfluidic  devices  [6].  In 
the  past,  A.C.  electrokinetic  systems  leveraging  the  phenomena  of  Dielectrophoresis  (DEP)  have  been  developed 
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primarily  employing  closed  fluidic  chambers  or  microfluidic  channels  and  intersections  that  are  interfaced  to 
external  fluid  pumping  and  sample  injection  hardware  [7-9].  Such  systems,  particularly  those  employing 
microfluidic  channels  for  cell  collection  and  separation  usually  require  sample  preprocessing  and  are  frequently 
plagued  by  micro-channel  blockage.  Such  problems  need  to  be  overcome  in  order  to  successfully  commercialize 
microfluidic  cell  analysis/sorting  devices.  The  closed  channel  microfluidic  systems  are  furthermore  less  amiable 
to  creating  complex  cell  processing  structures,  due  to  pressure  and  flow  related  problems  and  the  need  for 
extensive  valving  and  flow  control  devices  on-chip  and  capable  of  withstanding  high  operating  pressures  .  In  the 
paper  we  discuss  the  utility,  application  and  merits  of  example  “open  channel”  or  surface  microfluidics  and 
“closed  channel”  microfluidic  systems  for  biological  cell  sample  handling  and  analysis  utilizing  A.C. 
electrokinetic  approaches. 

2.  AC  electroactuation  and  manipulation  of  cells  and  microfluids  by  dielectrophoresis  (DEP) 

Electrical  field  effect  phenomena  have  been  extensively  investigated  and  demonstrated  to  provide  novel  ways  of 
manipulating  and  interrogating  individual  microscopic  sized  particles  and  intact  biological  cells,  immersed  in 
fluid  media  [10-12].  In  this  paper  we  focus  on  the  capabilities  and  utility  of  non  uniform  A.C.  (alternating 
current)  electric  field  effect,  referred  to  as  dielectrophoresis  (DEP),  in  providing  particle,  liquid,  droplet 
actuation  at  microscopic  scales  to  facilitate  the  deployment  of  fluidic  microsystems  or  LOC  for  the  handling  and 
manipulation  of  cells  and  subsequently  the  genetic  material  of  the  individually  selected  or  fractionated  cell 
population. 


(a)  Particle  DEP  actuation 

To  illustrate  the  salient  features  and  basis  for  particle  DEP  actuation,  consider  a  microscopic  sized  spherical 
shaped  particle  or  object  that  is  immersed  or  surrounded  by  another  medium  and  subjected  to  an  externally 
imposed  non  uniform  electric  field.  We  further  assume  that  the  particle  and  the  surrounding  medium  are 
characteristically  different  in  terms  of  the  electrical  permittivity  and  conductivity.  The  time  averaged  DEP  force 
acting  on  a  spherical  body  of  radius  a,  due  to  a  spatially  non  uniform  ac  electric  field,  is  summarized  as 

follows  [13]: 

(#„,}  =  2**.a3Re[z.]7£L  (1) 
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In  the  DEP  force  expression  (Eqn.  1),  the  quantity  ReIA,  J  refers  to  the  real  part  of  excess  polarizability  or 

frequently  referred  to  as  the  Claussius-Mosotti  factor  (CMF).  The  quantities  *  _  „  _  .-  ar  and  „*  _  P  _  ;  <J"> 

'  '  co  co 

are  the  complex  permittivity  of  the  particle  and  medium  respectively.  £ m  ,  £ p  represent  the  real  dielectric 
permittivity  of  the  medium  and  particle  (Tm  ,  <7 p  refer  to  the  conductivity  of  the  particle;  and  the  medium  and 

CO  =  2n f  is  the  radian  frequency,  where  f  (Hz). is  the  applied  A.C.  electric  field  frequency.  The  CMF  reflects 
the  polarizability  difference  the  particle  and  media,  and  is  usually  a  sensitive  function  of  the  applied  field 
frequency.  The  term  V E  *ms  is  the  gradient  of  the  electric  field  squared. 

It  is  apparent,  from  Eqn.  (1),  that  the  DEP  force  depends  on  the  particle  size  (volume),  the  gradient  of  electric 
field  squared  and  the  Claussius-Mosotti  factor  which  is  frequency  dependent.  Furthermore,  when  Re  [  Ke  \  >  0,  at 
a  particular  frequency,  the  DEP  force  is  positive  (+ve  DEP)  and  directed  towards  the  region  of  increasing  field 
intensity  [12].  In  contrast,  when  Re  |AT|  <  0,  the  DEP  force  is  negative  (-Ve  DEP)  and  impels  the  particles  to 
regions  of  field  intensity  minimum  [14].  The  impact  of  +Ve  and  -Ve  DEP  forces  acting  on  particle  subjected  to 
nonuniform  field,  as  synthesized  by  a  set  of  coplanar  electrodes,  is  shown  schematically  in  Figure  1.  The  +Ve 
and  -Ve  DEP  effect  has  the  beneficial  effect  of  physically  separating  or  concentrating  the  particles  in  regions  of 
field  intensity  maxima  (  at  the  electrode  surfaces)  and  minima  (located  away  from  the  electrode  surfaces). 

Most  microscopic  particles  of  practical  interest,  including  biological  cells,  due  their  structural  heterogeneity  and 
differences  in  the  electrical  properties  of  the  various  ultra  structures  compared  to  that  of  the  suspending  media 
may  exhibit  both  +Ve  and  -Ve  DEP  behavior  in  different  region  of  the  applied  field  frequency  spectrum  [15  ].  It 
is  due  to  such  characteristic  differences  in  the  frequency  dependent  polarization  and  the  resulting  DEP  response 
which  enables  selective  and  differential  manipulation  and  physical  separation  of  one  or  more  types  of  particles  or 
cells  in  a  mixed  population  suspension. 
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-Ve  DEP 


Figure  1.  A  cross-sectional  view  of  a  co-planar  electrode  geometry,  showing  the  differing  +Ve  and  -Ve 
DEP  forces  exerted  on  particles,  induced  by  a  nonuniform  AC  field,  as  depicted  by  the  dashed  lines  the 
diagram.  The  shaded  particle,  experiencing  +Ve  DEP,  are  impelled  towards  and  collected  at  the 
electrodes,  while  particle  experiencing  -Ve  DEP  body  force  is  impelled  upwards  into  a  region  of  local 
field  intensity  minima. 

(b)  Liquid  DEP  actuation  and  droplet  dispensing 

The  utility  of  the  DEP  effect  is  not  limited  to  particulate  matter,  but  maybe  made  to  manifest  and  exert  body 
forces  on  aqueous  polarizable  media  [14-16].  The  practical  and  useful  utility  of  the  phenomena,  especially  at  the 
micro  scale,  enables  novels  means  of  handling  and  manipulating  aqueous  biological  fluid  samples,  without  the 
need  for  valving  and/or  pumping  required  for  isolation,  steering  and  fluid  transport  in  conventional  microfluidic 
systems.  Thus,  the  DEP  effect,  in  addition  to  serving  to  electro-actuate  microscopic  particles  and  thereby 
facilitate  their  manipulation  may  furthermore  be  leveraged  to  enable  noninvasive  handling  and  manipulation  of 
microliter  volume  droplets  of  aqueous  dielectric  media  on  open  surfaces.  Such  open  surface  manipulation  of 
biological  samples  circumvents  a  variety  of  issues  that  plague  closed  channel  systems. 

The  first  demonstration  of  macro  scale  liquid  actuation  by  DEP  was  reported  by  Pillet  [16].  By  partially 
immersing  two  parallel  plates  in  a  bath  of  aqueous  dielectric  media  (oil)  and  applying  an  A.C.  potential  to  the 
plates,  he  observed  that  a  column  of  liquid  was  raised  between  the  plates  to  a  new  equilibrium. 

More  recently,  the  work  of  Jones  et  al  [17,  18],  Ahmed  et  al  [19]  and  Kanagasabapathi  et  al  [20]  have  shown  that 
similar  type  of  controlled  actuation  of  a  small  quantities  of  dielectric  liquids  (oils  and  low  conductivity  water), 
on  top  of  planar  surfaces  can  be  achieved  by  employing  a  pair  of  thin  coplanar  metal  electrodes,  coated  with  a 
thin  film  dielectric  material,  of  a  suitable  contact  angle  (<  70°),  as  shown  in  Figure  2. 

For  satisfactory  operation,  liquid  that  is  to  be  actuated  and  dispensed  is  usually  introduced  as  a  parent  drop  at  one 
end  on  the  electrode  structure.  On  application  of  an  AC  voltage,  typically  ~  230VRMS  @  100  kHz,  a  jet  of  liquid 
in  the  form  of  finger,  confined  to  the  width  of  the  electrodes,  protrude  from  the  parent  droplet  and  very  rapidly 
extend  to  the  end  of  the  electrode  structure. 

The  characteristics  of  this  liquid  finger  formation  has  been  analysed  by  Jones  et  al  [21].  A  reduced-order  lumped 
parameter  model  was  proposed  that  takes  into  account  liquid  surface  tension  viscous  drag,  and  the  DEP  force. 
The  resulting  expression,  describing  the  DEP  force  induced  on  the  liquid  finger,  is  as  follows  [19]: 
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The  liquid  DEP  force  imparted,  varies  as  the  square  of  the  applied  voltage  (V),  the  permittivity  of  the  liquid 
( £n  )  and  the  characteristics  of  the  field  in  the  liquid  media,  controlled  by  the  electrode  structure,  dielectric 

coating  and  geometry.  Upon  removal  of  the  voltage,  the  liquid  finger  breaks  up  into  one  or  more  smaller  sized 
daughter  droplets  that  are  spaced  almost  uniformly  on  top  of  the  electrodes.  Further  refinements  in  the  basic 
coplanar  structure,  such  a  three  electrode  system,  the  judicious  location  of  semicircular  metal  bump  areas  and 
their  spacing  to  satisfy  the  Raleigh  jet  break  criterion  have  enabled  the  controlled  dispensing  of  aqueous  media 
(deionized  water)  in  the  form  multiple  identical  sub-microliter  droplets  [19].  These  are  included  in  the  structure 
shown  Figure  3(a),  while  figure  3(b)  shows  the  daughter  droplets  populating  the  metal  bump  regions  spaced  at 
regular  intervals  along  the  coplanar  electrode  structure. 


1  — * 

\ 


(a) 


1  |uL  Parent  drop 


Smaller  daughter 
droplets  (~pL)  formed 
on  bump  regions 


Figure  3.  (a)  Photographs  showing  the  3-electrode  structure  with  metal  bumps,  for  improved  droplet 
formation,  (b)  Successful  population  of  the  bump  regions  with  smaller  daughter  droplets  after  the  applied 
voltage  is  removed. 


Figure  2.  A  schematic  (a)  plan  and  (b)  cross-sectional  views  of  the  co-planar  electrode  geometry,  coated 
with  a  thin  dielectric  film,  employed  for  DEP  actuating  liquid.  Nominal  dimension  of  the  structure  are  as 
follows:  t  ~  0.5  pm;  w  =  30  pm;  g  =  30  pm. 


Thus,  successful  development  and  implementation  of  liquid  actuation,  droplet  formation  and  transport  on  open 
surfaces  utilizing  liquid  DEP,  open  up  a  variety  of  new  application  in  the  microfluidics  domain  concerning  the 
manipulation  of  minute  quantities  of  fluid  sample  and  it’s  components.  Some  such  example  surface  fluidic 
manipulations  are  discussed  in  a  later  section  in  this  article. 

3.  Integration  of  on-chip  DEP  with  microfluidics 

Flaving  provided  a  basis  for  DEP  manipulation  of  particles  and  liquid  samples,  we  now  turn  to  its  application 
and  utility  for  lab-on-a  chip  applications.  .In  this  article  we  specifically  focus  on  microfluidic  devices  that 
integrate  DEP  for  particle/cell  handling  or  processing.  The  level  and  extent  of  the  integration  effort  demanded  is 
very  much  governed  by  the  application  (i.e.  application  specific).  For  example,  a  fully  integrated  microfluidic 
device  for  chip  based  genetic  analysis  requires  a  number  of  different  microfluidic  component  blocks  to  facilitate 
cell  manipulation,  nucleic  acid  processing  (genetic  amplification  and  separation)  and  a  suitable  electro-optical 
detection  system.  More  specifically  a  fully  integrated  platform  would  include  cell  sorting  and  fractionation  and 
/or  concentration,  cell  lysis  step  to  extract  the  genetic  material  (DNA,  RNA),  genetic  amplification  procedure, 
such  as  on-chip  PCR  and  subsequent  DNA  separation  and  detection  utilizing  on-chip  capillary  electrophoresis. 
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Thus  on-chip  sample  preparation,  including  cell  separation,  is  a  key  and  much  needed  capability  that  can  have  a 
dramatic  impact  of  the  overall  performance  and  capabilities  of  integrated  microfluidic  chips  for  bio-analysis  and 
detection.  In  the  past  a  variety  of  different  techniques  methods  have  been  proposed  to  handle  the  sample 
preparation  needs,  however,  many  of  the  proposed  approaches,  unlike  DEP  are  not  readily  incorporated  on-chip. 
Here  we  examine  two  different  approaches,  a  batch  sorting  scheme  and  a  continuous  DEP  based  cell 
fractionation  in  affecting  cell  separation  in  microfluidic  channels.  A  fundamental  requirement  of  all  devices  that 
leverage  DEP  is  appropriate  synthesis  of  a  nonuniform  electric  field,  which  is  achieved  quite  readily  using  metal 
electrodes  of  appropriate  dimension,  spacing/geometry.  However,  in  order  to  integrate  DEP  electrode  structures 
in  microfluidic  channels,  we  are  limited  to  the  use  of  planar  electrode  structures  which  can  be  photo 
lithographically  patterned.  Furthermore,  to  facilitate  microfabrication,  the  planar  electrodes  are  limited  to 
locations  on  the  top  or  bottom  sides  of  the  microchannels.  The  choice  of  material  for  the  metal  electrode  material 
has  to  be  given  due  consideration.  If  the  channels  contents  are  to  be  visually  inspected  or  the  contents  monitored, 
then  it  is  appropriate  to  transparent  electrodes  material  such  as  indium  tin  oxide  (ITO),  otherwise  either  titanium- 
platinum  of  chrome-gold  electrodes  have  been  shown  to  suitable  and  readily  deposited  and  patterned 
lithographically. 

An  example  of  a  DEP  based  microfluidic  chip  fabricated  to  make  available  binary  DEP  fraction  of  cells  in  a 
continuous  fashion  [22],  is  shown  in  Figure  4. 


Figure  4  A  closed  channel  microfluidic  DEP  fractionation  chip,  showing  the  microfluidic  channels  with  in¬ 
channel  microelectrodes  for  DEP  cell  sorting 


Frequency  in  Log  scale  (Hz) 

Figure  5.  Plot  of  the  DEP  velocity  spectrum  of  viable  and  nonviable  yeast  cells  versus  frequency,  showing 
+Ve  DEP  and  -Ve  DEP  responses  [21]. 


The  device  is  comprised  of  a  cell  and  sheath  injection  ports  that  facilitates  the  injection  of  a  cell  sample  into  the 
chamber  using  off-chip  pumping.  The  dimensions  of  the  sheath  flow  and  cell  sample  channels  are  designed  to 
enable  hydrodynamic  focus  of  the  cell  stream  under  laminar  flow.  The  focused  injected  cell  stream  is  subjected 
to  a  nonuniform  isomotive  electric  field,  synthesized  by  an  array  of  individual  biased  electrodes.  In  this 
isomotive  field  region  cells,  depending  on  their  frequency  dependent  polarizability,  may  experience  positive  or 
negative  DEP  depending  on  the  frequency  of  the  applied  field,  and  hence  are  deflected  in  opposite  directions  and 


488 


FLUIDIC  MICROSYSTEM  FOR  SAMPLE  HANDLING  AND  ANALYSIS 


normal  to  the  fluid  flow.  Thus  cells  experiencing  +Ve  and  -Ve  DEP  are  physically  separated  and  subsequently 
collected  as  purer  subpopulations  downstream.  Example  DEP  spectral  of  viable  and  non-viable  yeast  cell, 
obtained  using  the  device  is  shown  in  Figure  5.  The  plot  reveals  that  binary  fractionation  of  viable  from 
nonviable  yeast  cells,  suspended  in  deionized  water,  and  is  most  efficiently  attained  over  specific  regions  (10 
kHz  to  80  kHz  and  1  MHz  to  5  MHz)  of  the  frequency  spectrum.  Further  integration  of  the  chip,  incorporating 
near-field  hybrid  attached  to  the  glass  substrate  facilitates  real-time  monitoring  of  cell  separation  at  the  outlet 
ports  of  the  device  [23]. 

An  alternative  approach  to  the  continuos  fraction  of  cells  utilizing  DEP  is  to  adopt  a  batch  sorting  /separation 
which  is  perhaps  more  suitable  in  cases  where  a  dilution  of  the  cell  sample  concentration  by  the  sheath  flow  as  in 
the  continuous  separation  is  not  desirable.  An  example  of  this  batch  cell  separation  device  is  shown  in  Figure  6. 
Unlike  the  continuous  cell  sorting  device,  requiring  metallized  electrodes  on  the  to  and  bottom  faces  of  the 
microfluidic  channels,  the  batch  scheme  can  be  readily  implemented  with  an  array  of  electrodes  house  on  a  glass 
substrate  while  the  microchannels  enclosing  the  electrodes  are  cast  in  Poly(dimethyl  siloxane)  (PDMA)  and 
affixed  on  top  of  the  glass  substrate[24].  The  use  of  PDMS  polymer  for  microfluidics,  is  advantageous  as  it 
reduces  the  time,  complexity  and  cost  of  prototyping  and  manufacturing.  PDMS  is  hydrophobic  and  can  easily 
nucleate  air  bubbles,  however,  by  exposing  the  cured  PDMS  layer  to  oxygen  plasma  at  a  pressure  of  0.15  torr 
renders  the  surface  hydrophilic  and  makes  it  compatible  for  microfluidic  handling.  The  assembled  microfluidic 
DEP  device  can  withstand  moderate  chamber  pressures,  typically  ~  30-50  psi. 

In  such  a  batch  DEP  device,  a  dilute  cell  suspension  is  introduced  in  to  the  chamber  employing  pressure  driven 
flow  and  an  AC  voltage  is  applied  to  the  electrode  array.  Cells  experiencing  +Ve  DEP  are  collected  in  the  high 
field  regions,  while  cells  experiencing  negative  DEP  are  repelled  from  the  electrode  surfaces  and  levitated  or 
trapped  in  local  filed  intensity  minima  (see  Figure  7).  Since  the  +Ve  DEP  cells  are  strongly  held  on  to  the 
electrode  surface  and  the  -Ve  DEP  cells  can  be  flushed  while  retaining  the  cells  collected  at  the  electrodes  in  the 
chamber.  Such  batch  DEP  devices,  although  simple  in  design  compared  to  the  continuous  cell  sorting  system, 
finding  utility  in  applications  that  require  concentration  of  cell  sample  into  a  smaller  volume. 


Figure  6.  A  glass-PDMS  microfluidic  device  for  batch  DEP  cell  separation  with  in-channel  planar 
interdigitated  microelectrodes  electrodes  (electrode  width  =  20  pm;  electrode  spacing^  20  pm 


(a)  (b) 

Figure  7  Photographs  showing(a)  microscopic  sized  latex  beads  (10  pm  in  diameter)  suspended  in  low  conductivity 
media  (water)  exhibiting  -Ve  DEP  and  levitation  above  the  electrode  plane  and  (b)  +Ve  DEP  collection  of  yeast  cells 
at  electrode  edges  [23]. 
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4.  Surface  Fluidic  Structures  for  Integrating  Liquid  and  Particle  DEP 

Conventional  microfliiidic  devices  or  systems  to  a  large  extent  are  comprised  of  microfluidic  channels,  which 
traditionally  are  etched  in  glass  or  more  recently  patterned  in  PDMS  or  other  suitable  polymeric  substrates.  The 
substrate  with  the  etched  channels  are  then  suitably  bonded  or  sealed  to  another  or  identical  substrate  material  to 
form  closed  microchannel  structures.  As  discussed  earlier  there  are  a  number  of  issues  concerning  the  utility  and 
applicability  of  such  devices  in  the  domain  of  microfluidic  when  handling  or  processing  of  aqueous  biological 
sample  containing  cells  or  macromolecules  in  suspension.  Recently,  the  emergence  of  Liquid  DEP  as  alternate 
means  of  manipulating  and  processing  small  quantities,  has  suggested  new  and  novel  schemes  of  manipulating 
liquids  samples  comprised  of  cell  (cell  suspensions),  macromolecules  and/or  reagents. 

An  example  surface  fluidic  structure  illustrating  the  combined  manipulation  of  both  liquids  and  particles  (cells) 
utilizing  Liquid  and  particle  DEP  phenomena  [19]  is  illustrated  in  Figure.  8.  The  microelectrode  structure 
basically  combines  the  liquid  actuation  and  droplet  formation  station  with  the  particle  DEP  microelectrode  array. 
The  key  capabilities  of  this  integrated  structure  are  (1)  it’s  ability  to  dispense  and  form  droplets  of  a  cell 
suspension  at  locations  as  specified  and  implemented  by  the  Liquid  DEP  structure  (2)  the  ability  to  subject  cells 
suspended  in  the  daughter  droplets,  formed  by  liquid  actuation,  to  one  or  more  DEP  field  frequencies  and 
subsequently  convey  the  sample  to  another  location  in  the  structure.  The  structure  illustrated  in  Figure  9  was 
microfabricated  integrating  different  electrode  arrangements  at  the  bump  regions. 


Electrodes  -1,2 
Daughter  droplet  -  3 
Sub-droplets  -  4 


Figure  8.  A  schematic  diagram  of  surface  fluidic  structure  integrating  liquid  and  particle  DEP  [20]. 


Figure  9.  Photograph  of  the  fabricated  surface  fluidic  structure  for  the  combined  DEP  manipulation  of  liquid 
parent  droplet  and  particle  within  the  daughter  droplets.  Four  different  electrode  arrangements  are 
incorporated  in  the  structure  for  DEP  manipulation  of  particles. 

To  verify  the  particulate  DEP  effects  on  open  droplets,  sample  media  containing  yeast  cells  (Saccharomyces 
Cerevisiae)  placed  directly  on  the  bump  region.  An  AC  voltage  of  2.47  Vrms  was  applied  at  600  kFlz,  yeast  cells 
were  observed  to  be  pulled  towards  the  electrodes  and  furthermore  forms  pearl  chain  along  the  periphery  of  the 
bump  region  due  to  +Ve  DEP  effect  (Fig.  10a).  Flowever,  at  frequencies  above  10  MHz,  the  same  cells  were 
repelled  from  the  electrode  periphery  (-Ve  DEP)  as  in  Fig.  10b.  Under  -Ve  DEP  conditions,  some  cells  are 
trapped  within  the  interdigitated  electrodes,  this  phenomenon  though  not  quantified  can  be  attributed  to  the 
smaller  electrode  gaps  resulting  in  very  high  particle-particle  interaction  and  thereby  forming  cell-traps.  Cells 
repelled  under  -Ve  DEP  conditions  were  actuated  along  the  electrodes  below  the  bumps,  forming  picolitre 
droplets  on  the  lower  bumps. 

Since  liquid  actuation,  droplet  formation  and  subsequent  particle  DEP  are  achieved  in  rapid  fashion,  we  are 
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presently  engaged  in  the  integration  of  near-filed  optical  sensors  to  detect  the  presence  of  a  liquid  finger,  droplets 
and  particle  (cell)  at  suitable  locations  in  the  structure. 

The  combined  liquid  actuation  with  droplet  formation  and  muti-frequency  DEP  examination  of  cell  suspension 
sample,  as  well  as  providing  novel  opportunities  of  providing  sample  preparation,  including  sorting,  analysing 
and/or  separation  of  cells. 


Figure  10.  (a)  The  +Ve  DEP  of  yeast  cells  at  an  applied  voltage  of  2.47  Vrms  and  frequency 
DEP  of  yeast  cells  at  10  MHz  [20]. 


500  kHz;  (b)  -Ve 


5.  Integration  of  Liquid/particle  DEP  with  genetic  amplification  (PCR)  and  detection 

Having  demonstrated  the  particle  and  liquid  handling,  we  now  focus  on  the  integration  of  other  additional  liquid 
handling  or  processing  capabilities  necessary  to  implement  genetic  amplification  utilizing  PCR  and  detection.  A 
fundamental  requirement,  in  addition  to  thermal  cycling,  is  the  mixing  of  the  sample  with  reagents  and  buffers. 
To  demonstrated  such  mixing  capabilities  we  employed  DEP  liquid  actuation  to  project  a  finger  from  the  parent 
droplet  housed  on  top  of  the  coplanar  electrodes  (see  Figure  11)  [25].  The  electrodes  were  designed  such  that 
they  terminated  on  the  edge  of  a  sample  well  containing  PCR  mix.  The  PCR  well  was  coated  with  Teflon  to 
minimize  DNA  adsorption  and  further  aided  in  preventing  the  liquid  in  the  PCR  from  forming  a  finger.  Thus 
once  an  AC  voltage  (230V,  100  kHz)  was  applied  to  the  coplanar  electrodes  a  liquid  finger  was  actuated  from 
the  parent  drop  containing  known  template  DNA  and  contacted  the  PCR  mix  in  the  well,  approximately  10%  of 
the  sample  DNA  was  transferred  to  the  PCR  well.  The  chip  was  then  thermal  cycled  20  times  to  amplify  the 
template  DNA,  transferred  by  finger  actuation  into  the  PCR  well.  The  PCR  amplified  product  was  analysed  by 
on-chip  capillary  electrophoresis  to  verify  the  presence  of  template  DNA  in  the  mixed  and  amplified  sample. 
This  is  the  first  demonstration  of  a  microfluidic  chip  that  integrates  DEP  actuated  surface  fluidic  sample  mixing, 
with  conventional  closed  channel  well  PCR  and  CE  detection.  These  finding  suggest  novel  ways  of  combing  the 
sample  preparation  afforded  by  DEP  on  surfaces  with  the  closed  channel  amplification  and  detection  on  a 
common  substrate.  DNA  sample  droplet 


Figure  11.  (a)  Liquid  mixing  structure,  showing  sample  and  PCR  drops  located  at  the  end  of  the  Liquid  DEP 
actuation  structure,  (b)  Time  sequence  of  liquid  finger  drawn  from  the  sample  drop  and  mixed  with  PCR  drop 
in  an  open  PCR  well  [25]. 
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An  alternative  approach  to  the  liquid  DEP  actuated  mixing,  as  illustrated  earlier,  is  to  utilize  a  whole  droplet 
actuation  scheme.  The  actuation  of  small  droplets  confined  on  top  of  coplanar  electrodes  is  readily  achieved  by 
coating  the  surface  of  the  electrodes  with  a  hydrophobic  coating,  such  as  Teflon.  The  dimensions  of  the 
electrodes  are  based  on  the  droplet  volume  to  be  actuated.  Unlike  the  liquid  DEP  assisted  mixing,  achieved  by 
employing  high  frequency  fields,  whole  droplet  actuation  and  transport  is  achieved  at  much  lower  field 
frequencies  [26].  To  illustrate  whole  droplet  mixing  approach,  two  drops,  one  larger  (5  pL)  than  the  other  (1.5 
pL)  were  placed  onto  at  the  ends  of  a  coplanar  electrode  structure,  coated  with  SU-8  +  Teflon  film  ('thickness  ~ 
1.6  pm  ).  The  contact  angle  of  the  water  droplets  on  the  Teflon  coated  surface  was  110°.  When  an  AC  voltage 
(93  Vrms  @  90  Hz)  is  applied,  the  smaller  (1.5  pL)  droplet  was  conveyed  (35.62  mm/sec)  towards  the  larger 
droplet,  located  at  the  opposite  other  end  of  the  electrode  structure.  As  the  droplet  is  transported  along  the 
electrode  track,  it  exhibits  small  lateral  oscillations.  A  time  sequence  showing  such  actuation  of  the  whole 
droplet  is  shown  in  Figure  12.  The  ability  to  actuate  whole  microliter  sized  droplets  and  successfully  mix  them  is 
particularly  important  when  dealing  with  protein  and  enzyme  samples,  which  tend  to  rapidly  collapse,  due  to 
adsorption  when  placed  on  hydrophilic  surfaces. 
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Figure  12.  A  sequence  of  photographs,  showing  the  electro-actuation  of  a  pL  drop  of  water.  The  larger 
stationary  parent  drop  is  mixed  with  an  actuated  smaller  daughter  drop.  The  details  of  electrode  structure  and 
surface  treatment  are  as  follows:  Electrode  width  =  500  pm,  Gap  =  50pm  and  Length  =  7700  pm;  Surface 
dielectric  coating:  SU  8-2000.5  +  Teflon  (~1.6  pm) 

6.  Conclusion 

in  this  paper  we  have  illustrated  both  the  phenomena  of  DEP  and  its  practical  utility  in  potential  lab-on-chip 
devices  for  clinical  diagnostic  and  laboratory  applications  in  the  life  sciences.  These  DEP-microfluidic  devices 
provide  the  on-chip  capability  of  selective  and  non-invasive  manipulation  of  cells  (trapping,  levitating,  sorting, 
concentration,  purification)  in  suspension  in  closed  channel  microfluidic  devices.  We  have  furthermore  reviewed 
new  approaches  in  liquid  and  particle  processing  employing  DEP  forces,  generated  by  co-planar 
microelectrodes,  for  combined  particle  and  liquid  actuation  on  top  of  open  surfaces  (surface  fluidics).  This 
combined  liquid/particle  processing  capability  provides  unique  handling  and  processing  of  biological  samples  in 
a  rapid  fashion.  We  have  specifically  illustrated  this  capability  in  parallel  multi-frequency  DEP  cell  fractionation 
device,  which  can  serve  as  the  front  end  sample  preparation  stage  of  a  more  complex  lab-on-a-chip  devices, 
target  for  example  genetic  finger  printing  and  analysis. 
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Abstract 

Today,  the  use  of  implantable  cardiac  pacemakers  has  become  more  widespread  and  more  than  50,000  devices 
are  implanted  in  Japan  per  year  as  of  2005.  Implantable  cardiac  pacemaker  patients  are  excluded  from  the 
recommended  electromagnetic  fields  (EMF)  level  of  guidelines  such  as  ICNIRP  reference  levels.  Recently, 
many  communication  devices  including  Radio  Frequency  Identification  (RFID),  Electronic  Article  Surveillance 
(EAS),  and  contactless  IC  cards  have  been  introduced  to  our  daily  lives.  They  are  expected  to  achieve  more 
widespread  applications.  Accordingly,  the  assessment  of  EMF  exposure  limits  for  pacemaker  patients  should  be 
required  to  complement  the  EMF  safety  guidance. 

In  this  paper,  electromagnetic  interference  (EMI)  from  commercially  available  RFID  reader/writers  on 
implantable  cardiac  pacemakers  and  cardioverter-defibrillator  (ICD)  were  investigated.  The  newly  constructed 
in-vitro  experimental  test  system  based  upon  an  Irnich’s  flat  torso  phantom  was  applied.  EMI  test  experiments 
on  10  types  of  RFID  reader/writers  and  13  types  of  implantable  pacemakers  and  ICDs  were  conducted. 
Frequency  bands  were  125  kHz  and  HF  (13.56  MHz),  as  well  as  UHF  (950  MHz)  and  2.45  GHz.  In  addition, 
electromagnetic  field  distributions  of  RFID  reader/writer  antennas  were  measured  in  detail.  Finally,  results  of  in- 
vitro  EMI  test  experiments  were  introduced  and  characteristics  of  interferences  were  discussed. 

Introduction 

ICNRP  guidelines  for  limiting  human  exposure  were  published  in  1998  for  the  purpose  of  protecting 
electromagnetic  fields  (EMF)  effects  for  health  [1].  These  guidelines  include  reference  levels  for  occupational 
and  general  public  exposures.  However,  these  guidelines  do  not  apply  to  people  who  wear  implantable  medial 
devices.  To  prevent  electromagnetic  interference  (EMI)  on  the  functions  of  these  devices,  it  is  necessary  to  find 
out  the  conditions  which  cause  malfunctions.  A  lot  of  research  is  being  carried  out  with  an  increasing  in  the  use 
of  wireless  communication  devices.  In  particular,  EMI  due  to  mobile  phone  systems  are  investigated  precisely 
[2]-[8].  In  Japan,  guidelines  to  prevent  the  EMI  is  provided  and  operated  under  technical  report  [7]. 

Radio  frequency  identification  (RFID)  technologies  are  assumed  to  have  widespread  application  as  an  automatic 
recognition  method  in  ubiquitous  networks.  Scope  of  the  technology  includes  product  management  and 
identification  instead  of  the  conventional  barcode  technology.  RFID  systems  are  essential  devices  to  achieve 
future  ICT  society. 

Several  frequency  bands,  some  modulation  methods  and  many  types  of  antenna  are  employed  for  RFID  systems. 
For  the  various  types  of  systems,  the  effect  on  implantable  cardiac  pacemakers  and  implantable  cardiac- 
defibrillators  (ICD)  patients  should  be  precisely  taken  into  account.  Table.  1  indicates  ICNRP  reference  levels  at 
operating  frequency  bands  of  RFID  systems.  In  order  to  assess  the  EMI  from  RFID  systems,  EMF  strengths 
which  cause  effects  for  operations  of  these  devices  are  required  to  be  examined  from  experimental  and  measured 
results.  Then,  these  threshold  field  strengths  can  be  compared  with  the  reference  levels. 
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Table  1 

ICNRP  reference  levels  for  general  public  exposure  to  time-varying  electric  and  magnetic  fields. 
Field  strength  at  RFID  operating  frequency  bands. 


Frequency  bands 

E-field  strength 
(V/m) 

H-field  strength 
(A/m) 

B-field 

(rtT) 

125  kHz 

87 

5 

6.25 

HF  (13.56  MHz) 

28 

0.073 

0.092 

UHF  (950  MHz) 

42 

0.11 

0.14 

2.45  GHz 

61 

0.16 

0.20 

In  this  paper,  in-vitro  experiments  to  assess  the  electromagnetic  field  effects  due  to  RFID  reader/writers  on  both 
pacemakers  and  ICDs  patients  are  discussed.  First,  test  experiments  to  obtain  EMI  characteristics  of  pacemakers 
and  ICDs  are  investigated.  Combinations  of  13  types  of  implantable  devices  and  10  types  of  commercially 
produced  RFID  reader/writers  are  tested  using  a  newly  developed  test  system.  Secondly,  to  obtain  the  field 
strength  for  the  estimation  of  EMI,  radio  waves  from  RFID  reader/writer  antennas  are  measured  precisely. 
Finally,  experimental  results  are  introduced  and  characteristics  of  the  EMI  are  discussed. 

In  vitro  electromagnetic  interference  test  experiments 

To  obtain  EMI  data  and  characteristics  of  RFID  reader/writer  antennas,  test  experiments  on  10  types  of 
commercially  available  antennas  and  13  types  of  pacemakers  and  ICDs  are  carried  out.  Tested  pacemakers  and 
antennas  are  shown  in  Table  2  and  Table  3.  Pacemakers  and  ICDs  have  many  operating  modes  and  functions  - 
pacing/sensing  polarity,  single/dual  chamber  mode,  and  antitachycardia  functions.  The  total  test  mode  is  768 
modes  at  different  function  modes,  frequency  bands  and  RFID  reader/writer  antennas. 

The  test  system  is  based  upon  the  previously  proposed  one  for  the  estimation  of  EMI  due  to  mobile  phones 
described  in  [2],  [3],  [5]  and  [10].  The  system  is  also  employed  in  EMI  test  experiments  reported  by  Ministry  of 
Internal  Affairs  and  Communications  (MIC)  of  Japan  [8]  and  [9].  The  test  system  consists  of  a  flat  human  torso 
phantom,  an  electrocardiogram  (ECG)  signal  generator/detector,  a  chart  recorder,  an  oscilloscope,  a 
measurement  platform  and  a  RFID  reader/writer  antenna  as  shown  in  Fig.  1,  Fig.  2  and  Fig.  3. 

The  torso  phantom  used  in  this  experiment  is  some  modifications  of  Irnich’s  model  in  the  reference  described 
above.  Both  atrial  and  ventricular  electrode  are  improved  which  enables  us  to  separate  each  chambers’  ECG 
signal  levels  of  more  than  20dB.  It  is  therefore  taking  advantage  to  examine  EMI  with  low  interference  by 
another  chambers’  signal.  In  addition,  the  size  of  the  phantom  is  slightly  different.  The  tank  of  the  phantom  is 
made  of  acrylic  material  and  filled  with  a  saline  solution  (NaCl  1.8g/L).  At  low  frequency,  the  saline  solution 
provides  same  electric  conductivity  0.2  S/m  as  human  bodies.  This  means  ECG  signals  between  lead  wire  of  a 
pacemaker  and  electrodes  go  through  without  direct  connection.  In  addition,  it  is  known  this  concentration  of 
saline  solution  gives  less  attenuation  constant  than  actual  human  body  at  radio  frequency  [5].  The  torso  phantom 
is  suitable  for  the  EMI  test  experiment,  because  it  allows  more  conservative  results  for  EMI  estimations. 

RFID  systems  are  typically  operated  at  the  frequency  bands  -  125  kHz,  HF  (13.56  MHz),  UHF  (950  MHz)  and 
2.45  GHz,  as  shown  in  Table  3.  Furthermore,  these  antennas  usually  have  different  shapes,  locations  and 
radiating  fields  depending  on  their  purpose,  operating  frequency  bands  and  their  manufacturers.  Moreover, 
positions  between  a  human  torso  phantom  and  RFID  reader/writer  antennas  must  be  determined  precisely  and  be 
variable.  It  is  required  to  measure  the  EMI  due  to  various  antennas  with  accuracy  and  repeatability.  The  two-axis 
sliding  measurement  platform  shown  in  Fig.  2  enables  us  to  measure  RFID  antennas  moving  parallel  to  the  torso 
phantom  (v-axis  direction),  while  maintaining  the  same  distance  between  the  phantom  and  antennas  (x-axis 
direction).  All  parts  of  this  platform  are  made  of  dry  wood.  This  system  has  advantages  of  high  efficiency  and 
data  obtained  can  be  reliability  assessed. 

The  number  of  each  RFID  system  is  shown  in  Table  3.  125  kHz  and  HF  band  RFID  systems  employ  amplitude- 
shift  keying  (ASK)  as  modulation  method.  HF  band  systems  are  also  compliant  with  1SO/IEC 15693  international 
standard  [11].  In  addition,  modulation  method  of  UHF  band  and  2.45  GHz  RFID  systems  are  double  sideband 
(DSB)  ASK  or  single  sideband  (SSB)  ASK  and  frequency  hopping  spread  spectrum  (FHSS)  or  ASK, 
respectively.  EPC  Class  1  Generation  2  [12]  for  UHF  band,  ARIB  STD-T81  [13]  or  RCR  STD-1  [14]  for  2.45 
GHz  are  applied  as  specifications,  respectively.  In  lower  frequency  bands  such  as  125  kHz  and  HF  band,  an 
inductive  coupling  between  reader/writer  antennas  and  tags  realize  their  communications.  On  the  other  hand,  the 
UHF  band  and  2.45  GHz  systems  use  electromagnetic  waves  to  communicate  with  each  other.  Owing  to  this 
dissimilarity,  the  test  procedure  introduced  in  the  next  section  is  different. 
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Table  2 


Pacemakers  and  implantable  cardioverter-defibrillators. 


Tested  devices 

Type  of  chambers 

Number  of  devices 

Pacemaker 

Single  chamber 

5 

Dual  chamber 

5 

Implantable 

Single  chamber 

1 

Cardioverter-Defibrillator 

Dual  chamber 

2 

Total 

13 

Table  3 

RFID  reader/writer  antennas. 


Frequency  bands 

Modulation  methods 

Number  of  antennas 

125  kHz 

ASK 

4 

HF  (13.56  MHz) 

ASK 

2 

UHF  £>50  MHz  ) 

DSB-ASK  or  SSB-ASK 

2 

2.45  GHz 

FHSS  or  ASK 

2 

Total 

10 

Distance:  x 

◄ - ► 


Torso  phantom 


Pacemaker  or  ICD 


Saline  solution 
(0.18  w/v  %) 


Fig.  1.  Configuration  of  the  test  system. 


■axis  direction 


x-axis  direcdoji 


.  \  Flat  human  phantoqd 

RFID  reader/writer  antenna 

Two-axis  measurement  platform 


Fig.  2.  Overall  view  of  the  in-vitro  experimental  system. 


Fig.  3.  The  human  torso  phantom. 


The  in-vitro  EMI  test  experiments  procedure  is  explained  as  shown  in  Fig.  4.  First  of  all,  in  order  to  obtain  most 
conservative  results,  both  sensitivity  and  refractory  period  of  pacemakers  and  ICDs  are  programmed  to 
maximum  sensitivity  and  minimum  time,  respectively.  Second,  configurations  of  RFID  reader/writers  are 
prepared  to  actual  operating  mode.  The  next  step  depends  on  frequency  bands  of  RFID  reader/writer.  EMI  of  125 
kHz  and  HF  band  are  assumed  to  be  caused  by  induced  voltage,  which  follows  Faraday's  law  of  induction  [4]. 
Malfunctions  may  happen  when  ”an  inductor  coil”  composed  of  lead  wire  of  pacemakers  and  ICDs  receive 
changing  magnetic  field  radiated  from  RFID  reader/writer  antennas.  Because  of  this  mechanism,  interferences 
are  examined  while  the  phantom  is  exposed  to  changing  magnetic  field.  Antennas  are  moving  in  y-axis  direction 
(as  shown  in  Fig.  2)  and  closely  attached  to  the  torso  phantom.  EMI  of  UHF  band  and  2.45  GHz  band  occurs  due 
to  direct  coupling  between  antennas  and  terminals  of  pacemakers  and  ICDs  [4].  Interference  is  investigated 
while  the  antenna  is  located  at  a  fixed  position  and  closely  attached  to  the  torso  phantom. 
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Then,  the  ECG  signal  for  each  mode  is  recorded  on  the  paper  for  100  seconds.  In  addition,  the  distance  between 
antennas  and  the  torso  phantom  (x-axis  direction  in  Fig.  3)  is  increased  when  interference  occurs.  In  this  case,  the 
maximum  interference  distance  (distance  where  EMI  disappears)  is  found  out  and  recorded  in  centimetres.  As 
long  as  interference  exists,  sensitivity  of  pacemakers  and  ICDs  are  stepped  down  to  five  levels  (maximum,  1.0 
mV,  2.4  mV,  5.6  mV,  minimum)  and  the  maximum  interference  distance  is  also  recorded.  Breakdowns  of  the 
EMI  test  modes  and  settings  are  shown  in  Table  4. 

Operating  modes  of  pacemakers  and  ICDs  are  VVI  mode  (the  Ventricle  chamber  is  paced,  the  Ventricle  chamber 
is  sensed,  and  the  response  to  sensing  is  Inhibited)  and  AAI  mode  (the  Atrium  chamber  is  paced,  the  Atrium 
chamber  is  sensed,  and  the  response  to  sensing  is  Inhibited).  In  addition,  unipolar  and  bipolar  modes  are  chosen 
to  their  sensing/pacing  polarity.  For  each  of  the  operating  modes,  there  are  two  types  of  EMI  test  modes  are 
conducted  -  one  with  an  injected  ECG  signal  (typical  inhibition),  and  one  with  no  injected  ECG  signal  (typical 
asynchronous  pacing).  With  ICDs,  there  are  two  additional  test  modes.  False  Positive  mode  (one  with  no 
injected  ECG  signal  and  false  detection  of  fibrillation),  and  False  Negative  mode  (one  with  injected  ECG  signal 
and  false  non-detection  of  fibrillation)  are  investigated.  The  EMI  test  experiments  are  conducted  in  a  closed, 
electromagnetic  shielded  anechoic  chamber  in  Hokkaido  University. 


Fig.  4.  In-vitro  EMI  test  experiments  procedure. 


Table  4  EMI  test  modes  and  settings. 


EMI  test  modes 

Inhibit 

Asynchronous 

Inhibit 

Asynchronous 

False 

Positive 

False 

Negative 

Total 

Modes 

PM/ICD  Operating  modes 

WI 

WI 

AAI 

AAI 

AAI 

AAI 

PM/ICD  Sensing/Pacing  Polarity 

UNI 

BI 

UNI 

BI 

UNI 

BI 

UNI 

BI 

BI 

BI 

RFID 

125  kHz 

28 

40 

28 

40 

32 

40 

32 

40 

20 

20 

320 

Reader/writer 

HF  (13.56  MHz  ) 

14 

20 

14 

20 

16 

20 

16 

20 

10 

10 

160 

Frequency 

UHF  (?50  MHz  ) 

16 

20 

16 

20 

12 

12 

12 

12 

4 

4 

128 

Bands 

2.45  GHz 

14 

20 

14 

20 

16 

20 

16 

20 

10 

10 

160 

Total  modes 

72 

100 

72 

100 

76 

92 

76 

92 

44 

44 

768 

PM:  Pacemaker,  ICD:  Implantable  cardioverter- defibrillator 
UNI:  Unipolar,  BI:  Bipolar 
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Finally,  measurements  of  field  distributions  described  in  the  next  section  are  carried  out.  The  measurement  area 
is  determined  based  on  the  experimental  results.  In  order  to  find  out  the  correlation  between  obtained  EMI  data 
and  field  strength,  precise  measurement  is  required. 

Field  distribution  measurements  of  RFID  reader/writer 

To  obtain  detailed  data  to  clear  up  correlations  between  EMI  and  EMF  strength,  field  distributions  of  RFID 
reader/writers  antennas  are  measured.  Both  electric  and  magnetic  fields  are  determined  for  all  RFID 
reader/writers  antennas  shown  in  Table  3.  The  reason  for  this  is  a  near  field  of  the  antennas  is  not  proportioned  to 
each  other.  For  125  kHz  and  HF  band,  measurement  of  729  sample  points  which  include  70  cm  x  70  cm  x  70  cm 
(width  x  height  x  depth)  at  10  cm  separation  are  carried  out.  In  addition  to  this  wide  area  measurement,  we 
examined  more  fine  separation  for  the  depth  direction  (x-axis  direction  in  Fig.  2).  We  measure  1029  sample 
points  which  include  70  cm  x  70  cm  x  20  cm  (width  x  height  x  depth)  at  1  cm  separation  for  the  depth  direction. 
Figure  6  shows  the  probe  positioners  for  low  frequency  bands,  which  is  made  of  styrene  foam.  This  positioner 
enables  reliable  measurement  taking  the  advantages  of  low  reflection  or  absorption  of  EMF.  Electric  field  probe 
EMR-300  (Wandel  &  Goltermann  GmbH,  Germany)  and  magnetic  field  probe  11941A  (Agilent  technologies 
Inc.,  Palo  Alto,  CA,  USA)  are  used.  For  the  UHF  band  and  2.45  GHz,  measurements  of  3459  sample  points  are 
also  performed.  These  measurements  include  the  area  of  36  cm  x  36  cm  x  20  cm  (width  x  height  x  depth)  at  3 
cm  separation  for  the  width  and  height  direction  and  at  1cm  separation  for  the  depth  direction.  Electric  field 
probe  IXP-050  (IndexSAR  Ltd.,  Newdigate,  England)  and  magnetic  field  probe  7405-903  (ETS-Lindgren,  Cedar 
Park,  TX,  USA)  are  employed. 

Figure  6  is  a  typical  3 -dimensional  magnetic  field  radiated  from  a  HF  band  antenna.  In  addition,  differences  of 
field  strength  radiated  from  4  types  of  125  KHz  antennas  are  shown  in  Fig.  7.  This  figure  indicates  1- 
dimensitonal  magnetic  field  strengths  at  the  central  axis  of  the  antennas.  Values  ofy-axis  are  normalized  to  the 
maximum  field  strength  out  of  4  types  of  antennas. 


Fig.  5.  The  probe  positioner  for  low  frequency  bands. 
125  KHz  and  HF  band. 


Fig.  6.  Typical  3-dimensional  magnetic  field 
distribution  from  a  HF  band  antenna. 


Fig.  7.  1-dimensional  magnetic  field  distributions  of  125  KHz  RFID  reader/writer  antennas. 
Magnetic  field  strength  on  the  central  axis  of  antennas. 
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Results  &  Discussions 

First,  results  of  the  EMI  test  experiments  are  discussed.  A  total  of  768  test  modes  are  used  in  the  experiments. 
As  shown  in  Fig.  8,  107  modes  are  affected  when  pacemakers  and  ICDs  are  programmed  to  maximum 
sensitivity.  Therefore  the  affected  rate  is  about  14  %.  Under  these  conditions,  the  maximum  interference  distance 
is  15cm.  In  addition,  when  the  sensitivity  is  stepped  down  to  minimum  sensitivity,  the  affected  mode  and  rate  are 
26  modes  and  about  3  %,  respectively.  The  maximum  interference  distance  of  this  sensitivity  is  11  cm.  From  this 
EMI  test  experiment,  when  the  radio  wave  from  antennas  are  continuous  wave  or  do  not  have  time-varying 
envelope  curve,  no  malfunctions  happen  on  pacemakers  and  ICDs.  On  the  other  hand,  if  they  are  exposed  to 
changing  fields  such  as  pulse  modulated  wave  or  changing  magnetic  field  due  to  movement  of  antennas, 
probability  of  the  EMI  occurrence  is  much  higher  than  another  condition. 


Fig.  8.  The  results  of  in-vitro  EMI  experiments. 

Affected  modes  (Cumulative)  and  maximum  interference  distance 
depending  on  sensitivity  of  pacemakers  and  ICDs. 


Summary 

In  this  paper,  to  assess  the  EMF  fields’  exposure  effect  from  RFID  reader/writer  antennas,  field  strengths  which 
cause  effects  for  these  implantable  devices  operations  were  examined  from  experimental  and  measured  results. 
First,  EMI  due  to  commercially  available  RFID  reader/writers  on  pacemakers  and  ICDs  were  investigated  using 
newly  constructed  in-vitro  experimental  test  system.  This  system  was  based  upon  an  Irnich’s  flat  torso  phantom. 
In  vitro  EMI  test  experiments  on  10  types  of  RFID  reader/writers  and  13  types  of  implantable  pacemakers  and 
defibrillators  were  conducted.  The  frequency  bands  were  125  kHz,  HF  (13.56  MHz),  UHF  (950  MHz)  and  2.45 
GHz.  Secondly,  EMF  distributions  of  RFID  reader/writer  antennas  were  measured  in  detail.  Finally,  results  of 
EMI  test  experiments  were  introduced  and  characteristics  of  interferences  were  discussed. 

The  correlation  between  the  EMI  test  experiments  results  and  field  strength  radiated  from  RFID  reader/writers 
are  now  being  investigated  in  detail.  Further  results  and  discussions  are  shown  in  later. 
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Abstract 

Electrotherapy  is  a  treatment  method  in  which  an  electric  stimulus  is  used  to  achieve  physiological  changes  in 
the  body. 

The  specific  aim  of  the  present  work  concerns  the  effectiveness  of  low  frequency  electric  fields  treatment 
to  modify  biochemical  properties  of  human  keratinocytes  (HaCaT). 

Cells  exposed  to  a  7  Hz  electric  field  for  one  hour  (twice  daily),  showed  by  Scanning  Microscopy 
modification  in  shape  and  morphology;  these  modifications  were  also  associated  to  different  actin  distribution 
revealed  by  phalloidin  fluorescence  analysis. 

Indirect  immunofluorescence  with  fluorescent  antibodies  against  involucrin  and  P  catenin,  both 
differentiation  and  adhesion  markers,  revealed  an  increase  in  involucrin  and  P  catenin  expression, 
supporting  that  exposure  to  electric  field  carries  keratinocytes  to  an  upper  differentiation  level. 

Such  study  confirmed  our  previous  observation  and  support  the  hypothesis  that  7  Hz  electric  field,  may 
modify  cell  biochemistry  and  interfere  in  differentiation  and  cellular  adhesion  of  normal  keratinocytes. 


INTRODUCTION 

In  the  last  twenty  years  there  has  been  an  increasing  interest  to  investigate  the  possible  effect  of  extremely 
low  frequency  (ELF)  electric  and  magnetic  fields  (Chiabreara  1985,  Zhadin  2001)  on  human  health.  The 
experimental  approach  to  the  electromagnetic  field  (EMF)  effects  on  living  systems  is  complicated  by 
various  reported  non  linearities  (intensity,  frequency  and  time  windows  of  the  fields)  and  peculiarities  (cell 
type,  age,  treatment)  so  that  extrapolation  or  replications  among  laboratories  can  hardly  be  made.  The 
possible  mechanisms  of  the  induced  effects  are  still  not  known,  although  a  number  of  theoretical  models  have 
been  proposed  (Glaser  1992,  Liburdy  1992,  Barnes  1996,  ).  This  may  be  partially  due  to  the  difficulties  in 
demonstrating  reproducible  results. 

The  aim  of  the  present  work  is  to  clarify  the  action’s  mechanism  at  cellular  level  of  an  electrotherapy 
procedure  performed  by  an  electro-medical  device  still  in  clinical  use  and  so  easily  reproducible  in  each  bio¬ 
physical  setting  like  frequency,  intensity  and  exposure’s  time. 

Moreover  a  second  aim  of  this  work  is  to  validate  the  effectiveness  of  the  current  clinical  application 
protocols. 

This  work  concerns  the  effect  of  7  Hz  electric  field  exposure  on  morphological  and  biochemical  properties  of 
normal  human  keratinocytes. 
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Human  skin  and  mucosa,  majorly  constituted  of  keratinocytes,  are  the  most  exposed  cells  to  the  impact  with 
electromagnetic  radiation. 

Keratinocytes  are  so  an  ideal  model  to  analyse  the  biological  effects  of  non  ionising  electromagnetic  field, 
because  they  are  the  first  cells  to  which  the  energy  associated  to  the  radiation,  will  directly  be  transferred. 
HaCaT  are  epithelial  cell  line,  ideal  to  understand  if  a  physical  agent  such  as  electric  field  exposure  (7  Hz) 
can  interfere  with  cell  morphology,  biochemistry  and  modulate  keratinocytes  differentiation. 

Our  results  indicate  that  two  ours  exposure  daily  to  7  Hz  electric  field  could  be  responsible  to  a  different 
morphological  and  cytoskeletal  assept  on  HaCaT,  together  with  the  increase  in  involucrin  expression, 
suggesting  that  EMF  takes  such  cells  at  an  upper  differentiation  level. 

This  data  strongly  support  the  efficacy  of  7  Hz  therapy  for  the  treatment  of  skin  deseases  as  well  as  a  co 
adjuvant  in  the  therapy  of  undifferentiated  deseasaes. 


MATERIALS  AND  METHODS 
Cell  Cultures 

Cells  were  grown  in  Serum  Free  Medium  (GIBCO  Laboratories,  Scotland)  supplemented  with  antibiotics 
(110  IU  /ml  of  penicillin  and  100  pg/ml  of  streptomycin)  at  37  ±  0.3  °C,  5%  C02,  and  sub-cultivated  once  a 
week  at  a  1:3  ratio. 

Exposure  System. 

The  flask  containing  cells  were  placed  between  two  electrode  and  exposed  twice  daily  for  1  hours  to  a  7  Hz 
electric  field  at  lOOmV  in  a  cells  incubator  under  controlled  condition  (37  °C  and  5%  C02). 

As  a  control  experiment  other  sample  of  the  same  cells  was  placed  in  the  cell  incubator  with  no  field,  in  the 
same  conditions  of  the  exposed  one. 

No  differences  were  detected  between  control  and  sham  cells. 


Immunofluorescence  Assay 

HaCaT  cells  were  cultured  in  SFM  medium,  starting  at  a  concentration  of  6  X  105/ml.  Exposed  cells  were 
cultivated  in  the  same  conditions  in  the  exposure  system  at  7  Hz  electric  field  for  72  hours.  Cells  were 
washed,  air  dried,  fixed  in  paraformaldeide  4%  in  PBS  for  15  minutes  and  tested  by  indirect 
immunofluorescence  for  the  presence  of  involucrin,  P  catenin.  Antibody  against  involucrin  (Sigma)  was  used 
at  1:100  dilution,  anti  P  catenin  (Calbiochem)  at  a  1:500  dilution.  After  45  minutes  incubation  in  primary 
antibody,  the  slides  were  washed  three  times  with  PBS,  dried  and  stained  with  fluorescein  -isothiocyanate- 
conjugated  goat  antiserum  to  human  immunoglobulin  G  (Amersham)  at  a  dilution  of  1:200.  After  further 
incubation  for  45  minutes  the  slides  were  washed  and  examined  by  fluorescence  microscopy.  Four  different 
sets  of  experiments  were  performed. 

Electrophoresis 

SDS-polyacrylamide  gel  electrophoresis  (SDS-Page)  was  carried  out  according  to  Laemmli,  1970  .  After  72 
hours  exposure  to  electromagnetic  fields,  equal  amount  of  cell  proteins  from  control  and  exposed  cells  , 
measured  by  Lowry  test,  were  loaded  for  each  line,  after  lysis  in  sample  buffer.  The  samples  were  boiled  for 
5  minutes  .  Electrophoresis  was  carried  on  7.5%  SDS  polyacrilamide  gel  at  30  mA  for  about  2  hours.  Gel 
was  subsequently  transferred  on  nitrocellulose  membrane  (Biorad)  at  200  mA  for  3  hours,  and  membrane, 
after  blocking  in  3%  not  dried  fat  milk  for  1  hours  at  room  temperature,  was  incubated  with  EGF  receptor 
antibody  (Sigma)  at  a  dilution  of  1:100  as  suggested  by  manufacturer  and  revealed  by  ECL  (Amersham). 
Three  different  sets  of  experiments  were  performed. 

RESULTS 

Indirect  Immunofluorescence  microscopy  of  modulation  of  Involucrin,  and  p-Catenin  expression  after 
exposure  at  7  Hz  electric  field 

The  effect  of  EMF  exposure  on  HaCaT  cell  expression  of  differentiation  (Involucrin)  and  adhesion 
(PCatenin)  markers  is  respectively  reported  in  Tab  and  Fig.  1. 

Exposed  HaCaT  cells  showed  an  apparent  increase  in  cells  becoming  positive  to  involucrin  expression  after 
field  exposure  compared  to  control  cells.  The  increase  in  Involucrin  positivity  can  suggests  that  7  Hz  HaCaT 
exposed  cells  were  driven  to  an  upper  differentiation  level. 

As  reported  for  the  involucrin  experiment  also  PCatenin  seems  to  be  more  evident  in  cells  after  fiels 
exposure.  The  amount  of  cells  positive  to  P  Catenin  and  involucrine  by  indirect  immunofluorescence  is 
reported  in  Tab.l 
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The  increase  in  (3.  Catenin  positivity  in  7  Hz  electric  field  exposed  HaCaT  cells,  indicates  a  major  cellular 
adhesion  capacity  compared  to  control  cells. 

Western  blot  analysis  of  both  involucrin  and  (3  Catenin  after  7  Hz  exposure  is  reported  in  Fig.  1.  The  amount 
in  both  proteins  seems  to  be  affected  by  the  treatment  with  the  electric  field. 


DISCUSSION 

In  the  last  two  decades,  reports  of  biological  effects  of  low-energy  EMF  have  been  increasing  (Adey  1993, 
Pilla  1992,  Hinsenkamp  1997).  Particularly  debated  is  the  question  of  the  epidemiological  evidence  (14)  of 
adverse  effects  of  an  extremely  low  frequency  magnetic  field  (ELF)  generated  by  50-60  Hz  high  voltage 
power  transmission  lines,  video  display  terminals,  electric  blankets  and  other  home  appliances,  which  raise 
the  possibility  of  deleterious  health  effects  (Adey  1981)  from  exposure  to  radio  frequency  (Tenforde  1995) 
or  low  frequency  fields  (Savitz  1987).  A  valid  objection  is  that  field  intensity  is  many  orders  of  magnitude 
below  the  noise  threshold  so  that  selective,  cooperative,  or  amplifying  mechanisms  must  be  postulated.  There 
also  problems  of  reproducibility  of  reported  effects.  The  therapeutic  potential  of  ELF  can  be  seen  in  the 
proven  efficacy  of  low-energy,  pulsed  magnetic  fields  in  non-union  bone  fracture  healing  (Weaver  1990), 
confirming  that  under  certain  conditions  non-ionising  electromagnetic  energy  can  influence  physiological 
processes  in  organisms  (Kaiser  1988).  Physiological  paradigms  for  ELF  effects  are  required.  Clues  may  be 
found  in  the  mechanisms  by  which  ELF  interacts  with  cultured  cells  under  controlled  laboratory  conditions 
and  by  correlating  in  vivo  evidence  with  in  vitro  data  (Glaser  1992).  Low  frequency  magnetic  fields  at  50  or 
60  Hz  are  also  reported  to  stimulate  nerve  regeneration  (Phillips  1992)  or  alter  gene  transcription.  They  may 
also  play  a  synergic  role  in  cellular  processes  that  are  already  activated,  such  as  cell  proliferation  (Walleczeck 
1992).  The  role  of  Ca2t  in  the  transduction  of  these  effects  has  been  suggested,  and  indirect  evidence  of  its 
involvement  has  been  shown  (Karabachtsian  1994). 

In  our  work  we  analysed  the  effect  of  7Hz  ELF  therapy  on  human  epithelial  cell  line  (HaCaT).  Epithelial 
cells  are  an  interesting  model  to  study  the  biological  effect  of  the  interaction  with  non-ionising  radiations,  are 
not  shielded  by  any  other  stratum  of  cells  in  the  impact  with  electromagnetic  radiation,  and  so  they  are  totally 
available  to  the  field. 

Human  keratinocytes  cells  are  also  a  very  good  model  to  investigate  the  epithelial  switch  between 
proliferation  and  differentiation  (Medema  1994). 

The  effect  of  7  Hz  exposure  on  HaCaT  cells  by  ultra  microscopy  (data  not  shown),  at  cells  confluency 
showed  a  modified  morphological  aspect:  they  are  bigger  and  more  elongated  than  controls.  Exposed  cells 
lost  filopodia,  and  show  a  higher  number  of  lamellipodia,  specialized  structures  for  cell-cell  contact.  The 
augment  of  cell-cell  contact  junctions  ,  is  also  supported  by  the  different  distribution  in  P-Catenin  as  reported 
in  and  Tab.l. 

P-Catenin  is  a  protein  implicated  in  cell-cell-adhesion,  binding  cytoplasmic  domain  of  cadherin,  and  in  signal 
transduction  (Szabo  2001,  Vasioukin  2001). 

Cell  adhesion  molecules  and  their  association  with  actin  cytoskeleton  play  an  important  role  not  only  in  the 
maintenance  of  tissue  integrity,  but  also  in  proliferation  and  differentiation  . 

Exposure  to  the  field  also  causes  rearranging  of  actin  filaments  (data  not  shown),  leading  to  an  increase  in 
actin  expression  and  in  formation  of  stress  fibres  that  cross  parallel  to  the  elongated  cells. 

Since  modification  of  cellular  growth  rate  and  gap  junction  number  with  the  consequent  cytoskeleton 
rearrangement  are  implicated  in  cells  transformation  (Hsu  2000)  we  analysed  the  expression  of  involucrin  as 
a  differentiation  marker  of  keratinocytes  (Batta  2000).  In  human  epidermis,  involucrin  is  first  observed  in  the 
cytoplasm  of  spinous  and  granular  layer  cells.  In  transition  cells,  it  is  equally  distributed  between  the 
cytoplasm  and  the  nascent  corneified  envelope,  while  in  the  corneocytes  it  is  largely  corneified  envelope 
associated.  In  our  experiments  involucrin  and  epecially  P  catenin  expression  in  the  exposed  cells,  is 
increased  compared  to  control.  (Fig  .1).  Since  involucrin  is  a  keratinization-associated  molecules  our 
observation  may  suggest  that  the  exposed  cells  are  at  an  upper  differentiation  level  than  controls.. 

This  is  a  very  important  point  suggesting  a  possible  application  of  electrotherapy  in  the  therapy  of  skin 
proliferative  diseases.  It  would  be  very  interesting,  for  example,  to  analyse  the  possibility  of  using 
electrotherapy  as  non  invasive  chemoterapic  agent.  Other  authors  have  just  reported  therapeutical  effects  of 
electromagnetic  radiation  for  clinical  aims  (Basset  1993,  Leszczynski  2001,  Pletnev  2000). 

In  summary,  7Hz  electric  field  induces  an  alteration  of  growth  and  differentiation  pattern  on  HaCaT  cells. 
The  modification  of  morphology,  cytoskeletal  assept,  and  expression  of  adhesion  and  differentiation  markers 
confirm  our  previous  data  that  exposed  cells  are  at  an  upper  differentiation  level. 

Our  results  strongly  suggests  the  possibility  to  use  physical  agents  such  as  electric  or  electromagnetic  field, 
in  support  to  chemiotherapy  to  fight  epithelial  proliferation  diseases,  as  well  as  all  the  deseases  in  which 
cells  are  characterized  to  a  lower  differentiation  state 
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Tab.l  7  Hz  Electric  Field  modulation  of  Involucrin  and  p  Catenin  by  Indirect  Immunofluorescence 
Microscopy. 

Tab  1  shows  modulation  of  involucrin  and  P  Catenin  expression  in  control  and  exposed  cells. 

Experiment  is  representative  of  cells  at  72  hours  growth  and  exposure. 


Figure  1.  Western  Blotting  of  p  Catenin  and  Involucrin 

In  the  first  (left)  lane:  proteins  extracted  by  control  cells,  in  the  second  (right)  lane:  proteins  extracted  by  7 
Hz,  exposed  cells.  The  amount  of  proteins  inoculated  is  the  same  for  control  and  exposed  samples, 
quantitated  by  Lowry  test. 
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Fig.l 

Involucrin 


p  catenin 


Table  1.  %  HaCaT  cells  increasing  Involucrin  and  p  Catenin 

Immunofluorescence  positivity  after  7  Hz  electric  treatment 


%  Positive  Cells 

Involucrin 

8  ±1 

P  Catenin 

10  ±1 

+S.D 
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The  objective  of  this  study  was  to  assess  the  effects  of  static  magnetic  fields  on  proliferation  and 
differentiation  of  PC6  cells.  Proliferation  was  measured  by  counting  the  number  of  cells  in  four 
different  quadrants  of  each  well  in  a  6-well  plate  after  2  days  of  incubation.  Differentiation  was 
assessed  in  the  same  wells  by  measuring  the  percentage  of  cells  with  neurites  (cell  extensions) 
growing  from  the  cell  bodies. 

We  used  two  Tectonic  ceramic  magnets  (800  Gauss  surface  field  strength,  4  cm  in  diameter)  one  under 
a  well  at  each  end  of  the  plate  and  exposed  the  cells  for  three  hours  /day  for  each  of  2  days  .  Culture 
plates  were  placed  directly  on  the  surface  of  the  two  magnets.  Nerve  growth  factor  (NGF)  in 
phosphate  buffered  saline  (PBS)  or  PBS  alone  was  added  to  the  cultures;  the  final  concentration  of 
NGF  tested  was  10  and  20  ng/ml. 

A  significant  effect  on  differentiation  (p=0.0215)  was  found  when  comparing  cultures  treated  with 
either  concentration  of  NGF  and  cultures  treated  with  PBS.  The  presence  of  a  static  magnetic  field  had 
no  additive  effect  with  the  NGF  nor  did  it  have  any  effect  alone.  Growth,  in  terms  of  number  of  cells, 
was  not  affected  by  the  magnetic  field  +  PBS,  NGF  alone,  or  NGF  +  magnetic  field. 

We  also  asked  the  question  whether  the  magnetic  fields  had  any  direct  effect  on  the  culture  media 
alone  or  with  the  addition  of  PBS  or  NGF.  Therefore,  the  culture  media  (+PBS  or  +NGF)  was 
exposed  to  the  magnetic  fields  for  3  hours  and  then  the  PC  6  cells  were  added.  After  2  days  of 
incubation  the  results  demonstrated  that  the  fields  did  not  affect  NGF  action  since  cell  differentiation 
was  still  increased  to  the  same  extent  over  PBS  controls,  and  no  differences  were  found  in  growth 
(proliferation)  assessments. 

These  results  are  can  be  compared  and  contrasted  to  those  found  when  we  tested 
2  Hz  pulsed  electromagnetic  fields  (PEMF)  on  PC6  cells,  where  neurite  outgrowth  was  inhibited 
(Shah  et  al,  2001)  and  with  15  Hz  PEMF  where  differentiation  of  dissociated  sensory  neurons  was 
inhibited  (Webb  et  al,  1994).  In  contrast,  we  described  a  stimulation  of  neurite  outgrowth  from 
explants  of  chick  sensory  ganglia  (Sisken  et  al,  2000)  using  the  same  800  gauss  static  magnetic  field  + 
NGF.  The  mechanisms  underlying  these  effects  are  not  known,  but  may  involve  magnetic  field 
regulation  of  NGF  activity.  Since  this  dose  of  magnetic  fields  may  be  outside  the  biological  window 
for  single  cells,  future  studie  will  be  run  in  which  the  magnetic  fields  are  reduced  in  strength. 
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Abstract 

Widespread  use  of  mobile  phones  and  the  necessity  for  restriction  of  it  in  some  places  have  increased  the  growth 
of  mobile  phone  jammer  (MPJ).  The  MPJ  produces  an  electromagnetic  field  (EMF)  that  blocks  the  mobile 
phone  communications.  It  generates  noisy  signals  at  a  frequency  in  order  of  the  mobile  phone.  People,  who 
exposed  to  the  MPJ  field,  usually  are  unaware  about  its  effects  on  their  health.  So,  at  this  study  the  influences  of 
mobile  phone  jammer’s  exposures  on  human  electroencephalogram  (EEG)  are  evaluated  experimentally. 

Thirty  healthy  participants  attended  two  sessions,  one  week  apart.  In  experimental  and  sham  session,  before 
exposure,  19  Channels  EEG  signal  was  recorded  with  closed  eyes.  In  experimental  session,  they  exposed  to  the 
MPJ’s  EMF  for  twenty  minutes.  In  sham  session,  MPJ  was  turned  off.  Then,  in  two  sessions,  EEG  signal  was 
recorded  twenty  minutes  after  beginning  of  each  session.  The  follow-up  EEG  signal  was  recorded  at  fortieth 
minutes.  Then,  power  spectrum  of  EEG  signals  was  calculated  using  Matlab  toolbox. 

The  analysis  of  results  showed  that  area  under  power  spectrum  curve  off  EEG  signals  in  some  channels  has 
changed  between  sham  and  exposure  session.  The  frequency  parameters  of  EEG  signals  have  been  changed  due 
to  the  MPJ  exposures,  especially  in  the  alpha  and  theta  band  of  frequency  domain.  We  concluded  that  this 
radiofrequency  exposure  could  affect  the  participant’s  awareness 

Keywords:  Electromagnetic  Field,  Mobile  Phone  Jammer,  GSM  900MHz,  EEG 

Introduction 

Widespread  use  of  mobile  phones  and  the  necessity  for  restriction  of  it  in  some  places  have  increased  the 
growth  of  mobile  phone  jammer  (MPJ).  The  MPJ  produces  an  electromagnetic  field  (EMF)  that  blocks  the 
mobile  phone  communications.  GSM  use  900MHz  EMF  as  a  carrier  for  communications.  But  MPJs  generate 
noisy  signals  at  a  frequency  in  order  of  the  mobile  phone.  Therefore  in  study  of  MPJ's  effects  we  can  refer  to 
researches  of  mobile  phone  effects.  Should  be  noted  that  MPJs  just  used  for  produce  noise  and  may  be  have 
other  deferent  frequencies  that  defer  between  company’s  products  and  their  noise  production  methods. 
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The  first  cell  phone  jammer  was  marketed  in  1998  after  Goldshtein.  MPJs  are  used  in  some  places  that 
mobile  phone  usage  is  forbidden  such  as  exams  or  in  places  that  quite  is  necessary,  for  example  banks,  mosques, 
churches,  theaters  and  meetings.  Furthermore  People  may  be  resident  long  time  near  MPJ,  for  example  in 
offices  or  prisons.  Operation  of  these  devices  is  illegal  or  very  limited  in  some  countries  and  discussions  about 
its  usage  continue  [1].  These  discussions  are  on  two  subjects;  MPJs  usage  limits  mobile  benefits  essentially  in 
emergency  situations,  and  probable  health  hazard  of  MPJ's  EMF  [2]. 

On  the  other  hand,  some  people  that  think  mobile  phone  ring  and  their  families  and  friend's  irregular  call  is 
mining  their  rest  and  Security  and  has  contrast  with  their  relationship  with  another  people,  interest  to  use  low 
power  MPJs  and  try  to  make  this  a  manner  [3]. 

People,  who  exposed  to  the  MPJ  field,  usually  are  unaware  about  its  effects  on  their  health.  So  it's  necessary 
to  validate  the  effect  of  MPJ  on  human  health. 

Generally  EMF  effects  can  be  divided  in  to  thermal  and  non-thermal  effects.  More  Standards  are  based  on 
released  heat  from  EMF  that  SAR  (specific  energy  absorption  rate)  is  famous  standard.  But  in  order  weak 
Electric  field  that  emitted  from  mobile  phone  and  MPJs  non-thermal  effects  is  more  probable  [4]. 

Non-thermal  effects  of  EMF  that  often  has  been  considered  are  effect  on  carcinogenic  processes,  tumor 
growth,  etc.  until  now  Scientific  can't  find  any  exact  relationship  between  Mobile  phone  or  MPJ  usage  and 
human  physiology  and  pathology.  Among  researches  effect  on  brain  and  nervous  system  has  been  considered, 
specially. 

Some  of  probable  effects  of  EMF  on  nervous  system  are  effect  on  function  of  neural  membrane,  calcium 
efflux,  neuronal  excitability,  neurotransmitter  systems,  thermoregulatory  behavior,  Motor  activity,  auditory 
responses,  learning  and  memory,  blood-brain  barrier  and  finally  effect  on  brain  activity  such  as  EEG  and  ERP 
[5], 

EEG  is  an  immediate  reflection  of  change  in  function  of  nervous  system  that  make  it  considerable.  The  effect 
of  EMF  on  brain  activity  has  been  studied  later  in  number  of  experiments.  Studies  often  report  EMF  exposure  of 
mobile  phone  increase  spectral  power  of  resting  EEG,  especially  in  alpha  band  [6,7,8,9,10,11,12]  but  in  another 
research  didn't  observe  such  changes  [13,14,15]. 

In  some  experiment  spectral  power  of  Sleep  EEG  increased  due  to  EMF  exposure  of  mobile  phone 
[10,16,17,18,19,20,21,22]  and  in  another  studies  didn't  result  these  effects  [23,24,25,26]. 

About  effects  of  mobile  phone  exposure  on  EPs  some  researches  have  been  done.  Some  of  this  research 
report  changes  in  measured  parameters  [7,9,26,27,28,29,30,31,32]  and  in  another  studies  can't  observed  any 
changes  [33,34,35,36]. 

At  this  study  the  influences  of  mobile  phone  jammer’s  exposures  on  human  resting  electroencephalogram 
(EEG)  are  evaluated  experimentally. 

Materials  and  methods 

Subjects 

Thirty  healthy  males  aged  between  18  and  27  years  participate  in  the  study.  Participants  often  had  university 
degrees  and  easily  have  been  described  about  purpose  and  procedures  of  the  study.  Before  participate  in 
experiment  any  participant  was  introduced  with  experimental  tools  and  situation. 

Participant  were  asked  about  any  nerves  illness  and  difficulties  such  as  long  term  headache,  sleep  disorder 
etc.  also  in  first  session  of  experiment  an  EEG  with  clinical  order  has  been  recorded  and  a  neural  specialist 
reviewed  this  record  and  finally  sample  with  neural  difficulty  has  been  forgave  from  experiment  and  invited  for 
more  clinical  exam.  During  the  experiment  two  peoples  were  invited  for  clinical  difficulty  investigating  exams. 

Before  first  session  participants  have  been  noted  that  had  sufficient  sleep  and  didn't  use  sleepy  and  neural 
drugs.  Before  experiment  any  participant  wrote  an  informed  consent  that  contained  detail  of  study. 

Procedure 

Participants  attended  two  sessions,  one  week  apart,  for  experimental  and  sham  session.  In  each  session 
participant  seat  on  a  comfortable  armchair  and  an  expert  technician  placed  the  electrodes  on  his  head.  Before 
exposure,  19  Channels  EEG  signal  was  recorded  with  closed  eyes.  In  experimental  session,  they  exposed  to  the 
MPJ  EMF  for  twenty  minutes  from  right  side.  In  sham  session,  MPJ  was  turned  off  and  participants  were 
unaware  that  MPJs  was  on  or  off.  In  two  sessions,  EEG  signal  was  recorded  twenty  minutes  after  beginning  of 
each  session.  The  follow-up  EEG  signal  was  recorded  at  fortieth  minutes.  The  experimental  protocol  is  shown  in 
table  1. 
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Table  1:  experimental  protocol 


Session 

30  s  EEG  Recording 

20  min  being 

near  the  MPJ 

30  s  EEG 

Recording 

20  min  after 

Second  record 

30  s  EEG 

Recording 

First 

Background 

ON 

Exposure  / 

OFF 

After 

Follow-up 

time 

Follow-up 

Second 

OFF 

Exposure  / 

ON 

EMF  exposure 

GSM  900  use  890-960  MHz  EMF  as  a  carrier  for  communications.  This  wide  band  divided  to  two  bands, 
uplink  band  890-915  MHz,  and  downlink  band  935-960  MHz.  downlink  is  the  transmission  path  from  a  Base 
Station  to  the  Cell  Phone.  Uplink  is  the  transmission  path  from  a  mobile  station  to  the  base  station  [37]. 

MPJs  emit  EMF  similar  to  downlink  (935-960  MHz)  but  with  ramp  modulation,  which  block  mobile 
communications  around  itself.  MPJs  emit  EMF  similar  to  carrier  of  GSM,  but  in  a  stable  frequency  band  and 
with  constant  power  for  a  long  time.  These  make  MPJ  a  suitable  EMF  generator  for  our  study. 

EMF  emitter  that  has  been  used  in  our  study  was  MPJ  101  (Moje  Nasr  Gostar  co.)  that  emits  noisy  935-960 
MHz  EMF  with  power  of  1  W  and  can  block  GSM900  communications  in  a  15  meters  circle.  Fig  1 

Frequency  of  EMF  that  emitted  form  MPJ  101  was  tested  with  a  Spectrum  Analyzer  (TR4131)  that  has 
correct  frequency  band 


Fig  1:  MPJ  101 


MPJ  101  has  an  8  cm,  quarter  wavelength  antenna.  Participants  sat  approximately  50  cm  apart  the  MPJ.  It 
can  be  assumed  that  participants  placed  in  far  field  of  antenna.  Therefore  power  density  on  volunteer  head  can 
be  estimated: 


1_ 

~S 


1 


4;zr  4;r(0.5r 


W 

Vm2J 


=  0.32  (Em- 


Public  standard  level  for  power  spectrum  that  ICNIRP  determined  in  935  MHz  is  4.68  Wrrr 
that  power  spectrum  is  smaller  than  standard  level. 


It  can  be  seen 


Data  acquisition 

EEG  was  recorded  using  a  19  Channels  EEG  recording  system  (sholeh  danesh  co.).  It  has  an  8-bit  A/D  card 
and  its  sampling  rate  is  250  Hz.  19  Ag-AgCl  Saline  Pad  Electrodes  placed  on  participant’s  head  using  10-20 
system  and  fixed  with  a  head  cap  strap.  Two  earlobe  electrodes  were  hanged  to  ears  with  ear  clip  as  reference 
and  recording  was  performed  with  monopole  montage. 

Data  acquisition.  Preview  and  primary  analysis  performed  using  SD-C24  EEG  software  that  install  on 
recording  PC.  Default  mode  of  recording  system  that  performed  for  clinical  application  has  a  35  Hz  low  pass 
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and  a  1  Hz  high  pass  filter.  We  were  using  this  mode  for  clinical  exam  of  participants  that  has  been  said  before. 
For  experimental  record  a  70  Hz  low  pass  and  a  0.3  Hz  high  pass  filter  were  used. 

More  than  30  s  EEG  with  closed  eye  was  recorded  in  any  record  (background,  after  and  follow-up)  that  has 
been  said  before. 

Data  analyzes 

Recording  data  was  saved  in  special  file  format.  This  primary  format  has  been  converted  to  a  data  array  with 
Matlab  software  format  (MathWorks,  Inc.  version  7)  that  can  be  analyzed  in  Matlab  toolboxes.  The  MAT  file 
after  convert  has  been  reviewed  with  eeglab4.515  toolbox  [38]  and  compared  with  printed  records  to  validate 
conversion  program. 

Recorded  EEG  was  reviewed  with  eeglab4.515  toolbox  and  in  any  record  (background,  after  and  follow-up), 
10  without  movement  artifact  1  s  windows  have  been  selected. 

Frequency  analysis  has  been  done  in  the  Matlab.  FFT  (Fast  Fourier  Transform)  was  performed  on  each  1  s 
data  to  calculate  power  spectrum.  Because  frequency  contents  of  normal  adult  lie  between  0.1-40Hz  [39]  in 
power  spectrum  calculation  we  abandoned  upper  than  45  Hz  contents.  We  also  abandoned  frequency  content 
lower  than  1Hz  because  our  frequency  resolution  in  power  spectrum  calculation.  Then  Relative  Power  Spectrum 
(RPS)  has  been  calculated  as  below. 

RPS=  Area  under  Power  Spectrum  curve  of  any  rhythm  /  Total  area  under  Power  Spectrum  curve 


Fig  2:  Original  EEG  wave  ,  Voltage  as  a  function  of  time  (first),  Power  Spectrum  (second)  and  RPS  (third) 

Then  power  spectrum  has  been  averaged  in  10  second.  For  evaluation  of  changes  in  EEG  rhythms,  RPS  has 
been  summed  in  each  rhythm.  EEG  rhythms  have  been  determined  as  shown  below 


Essentially  EEG  RPS  may  change  as  a  function  of  time  during  each  session.  For  finding  any  effect  of  EMF 
exposure,  recording  data  during  the  real  exposure  with  that  recorded  in  sham  session  should  be  compared.  In 
each  session,  Growth  Ratio  (GR)  from  background  to  after,  from  after  to  follow-up  and  from  background  to 
follow-up  records  were  calculated  as  below. 

GR=(after  RPS-background  RPS)/background  RPS  . . . 

Therefore  we  could  compare  between  two  sessions  with  three  GRs. 


Beta 

P 

14-35  Hz 

Gamma 

7 

36-45  Hz 

Delta 

5 

1-3  Hz 

Theta 

6 

4-7  Hz 

Alpha 

a 

8-13  Hz 
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Statistical  analyses 

Statistical  analyses  were  performed  with  SPSS  (SPSS  Inc.  version  11.5.)  software  Paired  T-test  was 
performed  for  GR  of  RPS  between  two  sessions.  Differences  were  considered  statistically  significant  at  P<  0.05. 
Paired  T-test  was  performed  for  each  19  electrodes  in  all  rhythms  separately. 

For  Paired  T-test  the  data  should  be  normal.  Therefore  normality  of  data  was  checked  in  One-Sample 
Kolmogorov-Smirnov  Test.  If  normality  test  failed  nonparametric  test  (Wilcoxon  signed  rank  test)  would  use. 

Additionally  for  evaluation  the  inherent  changes  of  EEG  rhythms  due  to  time,  Repeated  measures  have  been 
performed  on  background,  after  and  follow-up  records  in  each  session  separately.  Mauchly's  Test  of  Sphericity 
Were  performed  before  Repeated  measures  tests.  If  Mauchly's  Test  of  Sphericity  failed,  other  methods 
(Greenhouse-Geisser,  Huynh-Feldt  and  Lower-bound)  would  perform. 

Result 

Repeated  measures  of  data  showed  changes  in  EEG  rhythm  due  to  time  especially  in  Theta  and  Alpha 
rhythms.  Analyze  of  differences  showed  significant  changes  in  GR  from  background  RPS  to  after,  between  two 
sessions  in  some  electrode  and  in  some  rhythms.  As  be  shown  in  Table  2.  Positive  sign  in  the  table  shows 
increase  in  RPS  change  in  those  rhythm  and  negative  sign  show  decrease  in  it.  It  seems  that  immediately  after 
exposure  the  natural  changes  of  EEG  rhythms  were  modified.  Slow  brain  potentials  increased  due  to  exposure. 
Analyze  of  GR  from  follow-up  to  after  record  also  showed  more  differences  between  sham  and  experimental 
sessions  as  shown  in  Table  3.  Comparing  sham  and  experimental  records  showed  decrease  in  GR  in  Theta 
rhythms.  Result  of  comparing  GR  from  follow-up  to  background  record  showed  less  change  in  two 
sessions(Table  4). 

Discussion 

Our  result  showed  RPS  of  slow  brain  potential  increased  immediately  after  exposure  in  some  electrode,  it  is 
inconsistent  with  result  of  more  experiment  that  have  reported  increase  in  alpha  rhythm  due  to  exposure.  It  may 
be  result  of  large  widespread  data  in  upper  rhythms  that  unable  us  to  see  significant  differences. 

Comparing  GR  from  follow-up  to  after  record  in  sham  and  experimental  records  showed  decrease  in  natural 
changes  in  Theta  rhythms. 

Results  showed  increase  in  GR  from  background  to  after  record  and  decrease  from  after  to  follow-up  record 
in  Theta  rhythm  due  to  EMF  exposure  that  is  reasonable. 

Analogizing  GR  from  background  to  follow-up  record  in  two  sessions  showed  partially  increase  in  beta 
rhythm  that  perhaps  it  happens  accidentally. 

In  our  study  the  frequency  parameters  of  EEG  signals  have  been  changed  due  to  the  MPJ  exposures, 
especially  in  the  alpha  and  theta  band  of  frequency  domain.  We  concluded  that  this  radio  frequency  exposure 
could  affect  the  frequency  content  of  EEG  and  participant’s  awareness. 


Table  2-  changes  in  RPS  from  background  to  after  records  due  to  EMF  exposure 


Location 

Delta  1-3  Hz 

Theta  4-7  Hz 

Alpha  8-13  Hz 

C3 

- 

Cz 

+ 

F7 

+ 

- 

Fp2 

+ 

Fz 

+ 

P3 

+ 

T3 

+ 

- 

T5 

+ 
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Fig  3:  changes  in  RPS  in  compartment  from  background  to  after  due  to  exposure: 
decrease  in  alpha  rhythm  (left)  and  increase  in  Theta  rhythm  (right) 


Table  3-  Changes  in  RPS  from  after  to  follow-up  records  due  to  EMF  exposure. 


Location 

Delta  1-3  Hz 

Theta  4-7  Hz 

Alpha  8-13  Hz 

C3 

- 

CZ 

- 

Fpl 

+ 

Fp2 

- 

Fz 

- 

Ol 

- 

02 

- 

Pz 

- 

T3 

+ 

Table  4-  Changes  in  RPS  between  from  background  to  follow-up  records  due  to  EMF  exposure. 


Location 

Delta  1-3  Hz 

Theta  4-7  Hz 

Alpha  8-13  Hz 

C3 

+ 

- 

F8 

+ 

Ol 

+ 

P3 

+ 

- 
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Abstract 

Wavelet  analysis  has  proven  a  useful  tool  for  time-frequency  analysis  of  EEG  and  Event  Related 
Potential  (ERP)  signals.  Moreover  the  effect  of  electromagnetic  fields  (EMFs)  on  brain  activity  is  an  important 
issue  that  requires  further  investigation. 

The  present  study  focused  on  the  temporal  analysis  of  the  early  components  of  ERPs  stimulated  by 
sounds  of  different  frequencies  (low=500  Hz  and  high=3000Hz),  using  wavelets.  The  ERPs  were  recorded  at  16 
scalp  electrodes  during  a  working  memory  test  with  and  without  electromagnetic  radiation  (900  MHz).  The 
sample  included  10  women  and  9  men.  Temporal  comparisons  were  made  between  the  energies,  averaged  at  the 
time  intervals  before  and  after  the  P50  amplitude  peak  (30-80  msec  after  warning  stimulus  onset). 

Results  showed  that  the  maximum  energy  variability  was  observed  for  the  a-band  at  the  C4  electrode. 
In  the  absence  of  radiation  men  exhibited  a  significant  increase  after  the  P50  peak  of  the  energy  for  the  low 
frequency  stimulus,  while  women  exhibited  this  significant  increase  for  the  high  frequency  stimulus.  Conversely 
the  presence  of  radiation  seemed  to  suppress  this  energy  increase  for  both  sexes  with  the  exception  of  women  for 
the  low  tone. 
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Introduction 

Since  the  advent  of  GSM-based  cellular  phone  networks  general  concerns  have  been  raised  regarding 
potential  health  effects  of  high  frequency  electromagnetic  fields  (EMF).  The  close  proximity  of  a  mobile  phone 
to  the  user’s  head  leads  to  the  absorption  of  part  of  the  EMF  energy  in  the  head  and  the  brain  [1].  This  is 
especially  important  in  view  of  the  observation  that  the  shape  of  the  head  is  oval,  with  a  short  axis  of  15  -  17  cm 
in  length,  which  is  half  the  wavelength  of  the  900MFlz  transmission  signals  of  the  cellular  phones. 
Consequently,  the  head  may  serve  as  a  lossy  resonator  absorbing  much  of  the  energy  emitted  by  cellular  phones 
[2],  The  above  considerations  necessitate  the  study  of  the  possible  effects  of  EMF  on  brain  and  behavior  [3]. 

Analysis  of  EEG  signals  proved  a  useful  and  appropriate  approach  in  measuring  the  level  and  spatial 
distribution  of  cortical  activation  during  cognitive  task  performance.  Several  reports  provide  evidence  that  the 
exposure  to  EMFs  increases  the  cortical  activity  as  it  is  reflected  in  the  increase  of  spectral  power  in  the  alpha 
band  of  the  EEG  signal.  [4,  5,  6,  7].  Flowever,  there  are  reports  which  do  not  confirm  these  results  [8], 

The  event-related  brain  potentials  (ERPs)  consist  of  a  series  of  positive  and  negative  peaks  of  the  brain 
signals  occurring  at  a  fixed  time  relative  to  an  event.  These  component  peaks  are  studied  with  the  assumption 
that  they  index  meaningful  aspects  of  cognitive  processing  [9].  Specifically  the  earlier  components  of  the  ERPs 
(0  -  100  msec  after  stimulus)  are  thought  to  represent  the  activity  of  the  sensory  pathways  that  transmit  the 
signal  generated  at  peripheral  receptors  to  central  processing  systems. 

There  have  been  several  studies  of  mobile  phone  emissions  on  the  brain  activity  using  the  sensory 
components  of  ERPs  methodology  with  various  results  [10,  11,  12,  13,  14  and  15].  It  should  be  noted  that  the 
early  components  are  ‘modality  specific’,  that  is  they  are  influenced  primarily  by  the  stimulus  parameters  such  as 
intensity  and  frequency  [16]. Our  team  recently  found  that  the  MP-EMF  affect  the  patterns  of  the  auditory  P50 
component  of  ERPs  (generally  30-80  msec  post-stimulus)[17].  In  particular  the  amplitude  of  P50  evoked  by  low 
frequency  stimuli  at  Fpl  and  Ol  electrode  is  statistically  significant  increased  in  the  presence  of  MP -EMFs.  In  contrast 
the  exposure  to  MP-EMFs  revealed  statistically  significant  decrease  of  the  amplitude  of  P50  evoked  by  high  frequency 
stimuli,  at  Fpl  electrode  as  compared  to  themselves  without  MP-EMF  exposure.  These  findings  have  been  conceived 
as  evidence  that  the  MP-EMF  emitted  by  mobile  phone  affect  pre -attentive  infonnation  processing  reflected  by  the 
synchronized  responses  of  the  thalamocortical  system  of  the  P50  component  of  ERPs.  [18,  19] 

Moreover,  having  in  mind  that  EEG  and  ERP  data  sets  are  nonstationary  a  useful  tool  to  analyze  these 
signals  in  both  time  and  frequency  domain  is  the  Wavelet  Analysis.  Many  studies  have  used  wavelets  in  order  to 
explore  EEG  and  ERP  waveform  structure.  Rosso  and  Figliola  [20]  used  the  wavelet  transformation  at 
generalized  epileptic  tonic/clonic  EEG  signals  and  showed  that  the  Relative  Wavelet  Energy  describes  accurately 
the  epileptic  recruitment  rhythm.  Samar  et  al.  applied  wavelets  at  data  collected  from  a  sample  consisted  of 
controls  and  alcoholics  in  order  to  compare  ERP  values  at  different  frequency  levels  [21].  They  found  significant 
group  differences  at  the  theta  band  at  the  span  of  P300  and  also  at  the  alpha  band  for  the  P100-N100-P200-N200. 
Flowever,  up  to  our  knowledge,  there  are  no  studies  specifically  examining  the  effect  of  EMFs  on  ERPs  using 
wavelets. 

On  the  other  hand  the  gender-dependent  brain  function  is  a  subject  under  research.  In  a  study  about  sex 
differences  in  resting  EEG  activity  it  was  reported  that  EEG  power  for  females  was  greater  than  the  EEG  power 
for  males,  with  significant  differences  observed  for  delta,  theta  and  beta  bands,  but  not  for  the  alpha  band  [22]. 
These  findings  concur  with  the  results  of  a  study  of  Briere  et  al.  where  women  were  found  to  have  higher  EEG 
power  values  at  the  central,  parietal  and  left  temporal  electrodes  [23].  Only  one  study  has  so  far  investigated 
EEG  gender-related  differences  under  exposure  to  mobile  phone  EMFs  [24].  The  subjects’  EEG  was  recorded 
during  the  anticipatory  period  of  performance  on  an  auditory  Wechsler  test  for  500  ms,  either  under  real  (900 
MFlz  CW  with  a  mean  power  at  0.64  W)  or  sham  exposure.  The  amount  of  baseline  EEG  spectral  energy  of 
males  was  greater  than  that  of  females,  while  EMF  exposure  decreased  the  EEG  energy  of  males  and  increased 
that  of  females.  The  above  findings  indicate  that  it  is  necessary  to  examine  the  possible  impact  of  EMFs  on  brain 
activity  separately  for  males  and  females  in  order  to  avoid  the  confounding  effects  of  gender. 

In  summing  up,  cortical  activation  during  the  early  components  of  the  ERP  signal  is  thought  to  be 
gender,  modality  and  frequency  specific.  In  view  of  the  above  considerations,  the  wavelet  analysis  of  energy 
changes  at  the  time  intervals  before  and  after  the  P50  could  be  of  value  in  identifying  possible 
pathophysiological  alterations  evoked  by  EMFs.  Thus,  the  present  study  was  designed  to  determine  the  time 
dependence  of  the  effect  of  EMF  exposure  on  the  energy  of  early  components  of  ERP  during  a  working  memory 
test. 
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Methods 


Participants 


Nineteen  healthy  individuals  (9  men  and  10  women,  mean  age  =  23.3  ±  2.23  years,  mean  education  = 
16.9  ±  1.82  years)  participated  in  the  experiment.  The  male  and  female  subgroups  were  homogeneous  with 
regards  to  age  and  educational  level.  All  participants  were  right-handed  and  had  no  history  of  any  hearing 
problem.  Informed  consent  was  obtained  from  all  subjects. 

Experimental  setup  and  Measurement  Procedure 

The  subjects  were  evaluated  with  the  digit  span  Wechsler  Auditory  test  [25].  A  warning  stimulus  of 
either  high  “(3000  Hz)”  or  low  frequency  “(500  Hz)”  was  presented  through  earphones  to  the  subjects,  who  were 
asked  to  memorize  the  numbers  that  followed.  The  warning  stimulus  lasted  100msec.  A  one  second  interval 
followed  the  onset  of  the  warning  stimulus  and  then  the  numbers  to  be  memorized  were  presented  by  a  male 
voice.  At  the  end  of  the  number  sequence  presentation,  the  same  signal  tone  was  repeated.  If  the  frequency  of  the 
signal  tone  was  low  the  subjects  had  to  recall  the  numbers  in  the  same  order  as  that  presented,  else,  if  the 
frequency  was  high,  the  subjects  had  to  recall  the  numbers  in  the  opposite  order.  Before  any  ERPs’  recording, 
practice  trials  were  administered  until  the  subjects  could  clearly  discriminate  the  warning  stimuli  (tones).  After 
completion  of  the  above-mentioned  process,  i.e.  the  practice  trials,  a  rest  period  of  five  minutes  followed,  before 
the  recording  of  the  ERPs. 

The  experimental  setup  included  a  Faraday  room,  which  screened  any  electromagnetic  interference  that 
could  affect  the  measurements.  The  subjects  sat  in  an  anatomical  chair  and  a  certified  dipole  antenna  was  fixed 
near  their  right  ear.  The  dipole’s  model  was  ELECTRO -METRICS  EM6924  and  the  antenna  factor  was 
27.4dB/m  at  900MHz.  Care  was  taken  so  that  the  distance  between  telephone  and  ear  (about  20  cm)  was 
constant  during  the  whole  session.  The  antenna  was  driven  by  a  signal  generator,  which  could  be  switched  on  or 
off.  In  the  on  mode  the  antenna  emitted  a  900  MHz  electromagnetic  field  with  mean  power  at  64  mWatt.  [24] 
The  signal  was  not  modulated.  The  field  strength  was  3V/m  at  the  point  where  the  subjects’  head  was  standing. 

ERPs  were  recorded  during  1.1  sec  between  the  onset  of  the  warning  stimulus  and  the  onset  of  the  first 
administered  number.  The  electrophysiological  signals  were  recorded  with  Ag/AgCl  electrodes.  Electrode 
resistance  was  kept  constantly  below  5  kfl  EEG  activity  was  recorded  from  15  scalp  electrodes  based  on  the 
International  10-20  system  of  Electroencephalography  [26],  referred  to  both  earlobes.  An  electrode  placed  on  the 
subject’s  forehead  served  as  ground.  The  bandwidth  of  the  amplifiers  was  set  at  0.05  Hz  to  35Hz.  During  the 
administration  of  stimuli,  the  subjects  had  their  eyes  closed  in  order  to  minimize  eye  movements  and  blinks.  Eye 
movements  were  recorded  through  electro-oculogram  (EOG)  and  recordings  with  EEG  higher  than  75mV  were 
rejected.  Warning  stimuli,  as  well  as  learning  material,  i.e.  the  numbers  to  recall,  were  presented  binaurally  via 
earphones  at  an  intensity  of  65dB  sound  pressure  level.  The  earphones  did  not  have  metal  components  in  order  to 
avoid  EMF  concentration. The  evoked  biopotential  signal  was  submitted  to  an  analogue-to-digital  conversion,  at 
a  sampling  rate  of  1  KHz.  Each  recording  session  consisted  of  52  repetitions  of  the  trial. 

The  subjects  performed  the  task  twice,  with  (on  mode)  and  without  (off  mode)  radiation,  with  an  interval 
of  two  weeks  between  the  measurements.  The  order  in  which  the  subject  was  exposed  at  the  EMF  (exposure  at 
the  first  or  second  visit)  was  random. 

Because  the  P50  component  is  included  in  the  array  of  early-endogenous  ERPs  components,  which 
normally  are  modality  specific,  the  ERPs  induced  by  the  two  modal  stimuli  were  averaged  separately  [16].  In 
particular,  two  varieties  of  P50  waveforms  were  obtained,  one  (low  P50)  evoked  by  the  low  frequency  modality 
(26  trials)  for  each  lead  in  all  subjects  and  another  (high  P50)  evoked  by  the  high  frequency  modality  (26  trials) 
for  each  lead  in  all  subjects  . 


Wavelet  Analysis 

The  Discrete  Waveform  Transform  (DWT)  was  applied  at  the  collected  ERP  data.  The  DWT  analyzes 
the  signal  at  different  frequency  bands  with  different  resolutions  by  decomposing  the  signal  into  a  coarse 
approximation  and  detail  information.  DWT  employs  two  sets  of  functions,  called  scaling  functions  and  wavelet 
functions,  which  are  associated  with  low  pass  and  high  pass  filters,  respectively.  The  decomposition  of  the  signal 
into  different  frequency  bands  is  simply  obtained  by  successive  high  pass  and  low  pass  filtering  of  the  time 
domain  signal.  The  original  signal  is  first  passed  through  a  half  band  high  pass  filter  and  a  low  pass  filter.  After 
the  filtering,  half  of  the  samples  can  be  eliminated  according  to  the  Nyquist’ s  rule,  since  now  the  highest 
frequency  of  the  signal  is  half  of  this  before  filtering.  The  signal  can  therefore  be  subsampled  by  2,  simply  by 
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discarding  every  other  sample.  This  constitutes  one  level  of  decomposition.  The  “mother”  wavelet  function  that 
was  used  to  our  analysis  was  Daubechies  1  (dbl)  and  the  levels  of  decomposition  were  seven. 

This  decomposition  halves  the  time  resolution  since  only  half  the  number  of  samples  now  characterizes 
the  entire  signal.  However,  this  operation  doubles  the  frequency  resolution,  since  the  frequency  band  of  the 
signal  now  spans  only  half  the  previous  frequency  band,  effectively  reducing  the  uncertainty  in  the  frequency  by 
half.  At  every  level,  the  filtering  and  subsampling  will  result  in  half  the  number  of  samples  (and  hence  half  the 
time  resolution)  and  half  the  frequency  band  spanned  (and  hence  doubles  the  frequency  resolution).  The  ERP 
data  of  the  experiment  consisted  of  1000  values  for  each  channel  for  each  person  after  the  averaging.  In  order  to 
obtain  high  frequency  resolution  in  5  band,  the  1000  value  sample  was  artificially  subsampled.  That  is,  the 
average  of  each  8  successive  measurements  of  the  signal  was  calculated  the  and  consequently,  125  values  were 
formed  to  which  the  Wavelet  transform  (WT)  was  applied. 

The  second  step  of  the  analysis  was  the  reconstruction  of  the  signal  (or  in  our  case  the  reconstruction  of 
the  details  of  the  signal),  that  is  how  its  components  can  be  assembled  back  into  the  original  signal  without  loss 
of  information.  The  details  of  the  signal  at  each  level  j  are  given  by  the  function 

kaZ 

where  v(/j  k  is  the  mother  wavelet  and  Cj,k  are  the  wavelet  coefficients  which  were  calculated  at  the  previous  step. 
The  wavelet  coefficients  Cjk  can  be  interpreted  as  the  local  residual  error  between  successive  signal 
approximations  at  scales  j-1  andj.  D,(t)  is  the  residual  signal  at  scale  j.  It  contains  the  information  of  the  signal  at 
frequencies 

Then  the  energy  at  each  resolution  level  j=l,...,7  and  at  each  instant,  was  calculated.  This  is  the  energy 
of  the  reconstructed  detail  signal: 

Ej(t)=\Dj(t)\2 


The  energies  of  the  last  three  levels  (E5(t),E6(t),  E7(t))  were  summed  up  so  that  the  sum  stands  for  the 
energy  at  the  time  domain  of  the  delta  band  (frequency  1-4  Hz).  Each  one  of  the  remaining  four  levels  with 
descending  order  represents  the  energy  of  the  basic  EEG  rhythms  theta,  alpha,  beta  and  gamma  respectively. 

The  total  energy  at  each  time  was  calculated  as  follows: 

7=1 

The  accuracy  of  the  results  was  confirmed  by  comparing  them  with  those  derived  from  previous 
analysis  with  the  FFT  [24]. 

Finally  the  energy  at  each  band  was  evaluated  on  a  temporal  basis.  This  means  that  the  energies,  were 
averaged  at  the  time  intervals  before  and  after  the  P50  amplitude  peak  (30-80  msec  after  warning  stimulus  onset) 
and  comparisons  were  made  between  these  energies  (before  -  after  P50). 

Statistical  analysis 

The  parameter  under  consideration  is  the  energy  calculated  with  the  Wavelet  Transform.  Preliminary  statistical 
analysis  was  carried  out  independently  for  each  modality  (high,  low)  and  for  each  frequency  band  (delta,  theta, 
alpha,  beta  and  gamma).  The  energies  at  the  15  leads  were  subjected  to  three  way  MANOVA  with  radiation  (on 
-  off),  gender  (male  -  female)  and  time  interval  (before  -  after  the  P50  peak)  as  the  three  independent  factors. 
When  the  MANOVA  procedure  revealed  statistical  significance,  the  energies  before  and  after  the  P50  peak  were 
subjected  to  multiple  pairwise  comparisons  for  each  lead,  gender  and  radiation  condition  independently. 
Statistical  significance  was  set  at  the  0.05  level. 

Results 

The  MANOVA  procedure  revealed  that  significant  energy  differences  were  found  only  at  the  alpha  frequency 
band.  Figure  1  displays  the  energies  before  and  after  the  P50  component  and  Table  1  displays  the  energy 
differences  after  -  before  the  P50  component  for  tones,  genders  and  EMF  conditions.  .  In  Figure  1  asterisks 
indicate  the  electrodes  for  which  the  energy  differences  are  statistically  significant.  It  seems  that  these  temporal 
energy  differences  are  mostly  positive  and  highly  dependent  on  the  interaction  among  modality,  gender  and 
EMF.  In  the  absence  of  radiation  men  witnessed  a  significant  increase  of  the  energy  of  the  alpha  frequency  band 
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for  the  low  stimulus  at  electrodes  F3,C5,C6,P3,Pz  and  Fz,  while  women  evidenced  the  same  increase  for  the 
high  stimulus  at  electrodes  F3,Fp2,F4,C6  and  C4.  The  presence  of  radiation  seems  to  suppress  this  temporal 
energy  increase  with  the  exception  of  women  for  the  low  tone  at  electrodes  C6  and  P4. 


Electrodes 

Energy  (Joule)  Differences  after  - 
before  P50  for  low  stimulus 

Energy  (Joule)  Differences  after  -  before 
P50  for  high  stimulus 

Male 

Female 

Male 

Female 

EMF 

Off 

EMF 

On 

EMF 

Off 

EMF 

On 

EMF 

Off 

EMF 

On 

EMF 

Off 

EMF 

On 

Fpl 

5.56 

5.32 

0.43 

2.55 

-3.35 

2.45 

0.83 

2.33 

F3 

5.49 

6.07 

-0.18 

7.98 

-6.22 

6.78 

5.57 

-5.88 

C5 

5.12 

4.37 

-0.26 

4.17 

0.88 

3.23 

3.28 

-4.3 

C3 

4.8 

4.28 

-1.43 

7.21 

-1.05 

2.64 

3.69 

-4.01 

Fp2 

4.23 

3.46 

2.7 

6.48 

-4.05 

2.16 

4.09 

-1.92 

F4 

5.46 

5.06 

2.49 

7.58 

-0.94 

4.65 

7.37 

-3.43 

C6 

6.63 

2.16 

2.91 

7.18 

-1.02 

3.29 

6.14 

-0.7 

C4 

6.17 

1.79 

2.22 

7.68 

-3.2 

5.79 

6.58 

-1.42 

01 

1.55 

-0.11 

-0.29 

1.82 

-4.98 

-1.55 

1.05 

2.88 

02 

1 

-4.66 

-1.37 

-0.66 

-4.53 

-1.05 

1.43 

-1.31 

P4 

5.6 

-2.3 

1.09 

5.71 

-2.96 

0.81 

4.41 

5.52 

P3 

2.79 

2.39 

-0.71 

2.42 

-4.56 

1.68 

3.03 

-2.69 

Pz 

3.83 

-5.84 

-1.52 

4.94 

-7.2 

3.07 

-4.67 

Cz 

6.39 

4.38 

-1.97 

10.93 

-3.98 

7.66 

4.22 

-6.59 

Fz 

WMM 

5.33 

iMiitraS: 

Mia 

4.28 

Table  1.  Energy  differences  after  -  before  the  P50  component  for  tones,  genders  and  EMF  conditions. 
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Figure  1.  Energies  before  and  after  the  P50  component  for  tones,  genders  and  EMF  conditions. 


Discussion 

The  main  objective  of  this  study  was  the  investigation  of  the  influence  of  EMF  on  the  sensory 
components  of  ERPs  (within,  100msec  after  warning  stimulus  onset)  elicited  during  a  WM  task.  In  order  to 
retain  both  time  and  frequency  domain  information  of  ERPs  we  used  the  Wavelet  analysis.  Utilizing  the  two  key 
aspects  of  Wavelet  analysis-its  multiresolution  nature  and  its  adaptivity  to  nonstationarity  in  ERP  data  elicited 
during  a  WM  task-  temporal  comparisons  between  the  energies,  averaged  at  the  time  intervals  before  and  after 
the  P50  amplitude  peak  (30-80  msec  after  warning  stimulus  onset)  were  made. 

The  most  robust  findings  were  observed  in  alpha-frequency  band  activities.  In  particular  in  the  absence 
of  radiation,  comparing  the  energies  of  the  alpha  frequency  band  before  and  after  the  P50  component,  men 
exhibited  a  significant  increase  for  the  low  stimulus  at  electrodes  F3,C5,C6,P3,Pz  and  Fz,  while  women 
evidenced  the  same  increase  for  the  high  stimulus  at  electrodes  F3,Fp2,F4,C6  and  C4.  The  importance  of  the 
obtained  results  may  be  explained,  considering  the  activation  of  ‘alpha  system’,  using  the  so  called  conventional 
ways  of  EEG  variables  (power-,  amplitudes-,  network  connection  measures  and  phase  delays).  When  a  subject  is 
stimulated  (e.g.  auditory  stimulus)  the  flow  of  information  is  accompanied  by  alpha  enhancement  involving 
structures  in  the  auditory  pathways  (e.g.  reticular  formation,  medial  geniculate  nucleus,  thalamus,  hippocampus 
and  the  auditory  cortex).  [27] 

Neurophysiological  studies  underscore  that  the  alpha-band  of  evoked  potentials  is  strongly  correlated 
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with  sensory  function  (e.g.  thalamo-cortical  circuits  associated  with  working  memory  and  probably  with  long  - 
term  memory  engrams)  [28].  It  was  also  suggested  that  the  alpha-band  activity  reflects  a  cortical  -deactivation 
(the  augmentation  of  attention-demanding  mental  activity  is  associated  with  decrease  of  alpha  rhythm)  [29].  In 
the  light  of  these  theories,  the  stimulus-related  increase  of  the  energy  (before  and  after  the  P50),  mostly  for  the 
alpha  activity,  which  was  found  here,  could  though  speculative,  point  to  the  possibility  that  the  underlying  neural 
networks  of  pre-attentive  operation  needs  to  be  deactivated  (relaxed)  when  the  process  of  attention  is  ongoing. 
Conventionally  the  waveform  of  P50  which  (as  noted  earlier)  reflects  pre-attentive  operations  is  followed  by  the 
N100  waveform  which  represents  the  process  of  attention  [16]. 

A  second  striking  finding  was  the  effect  of  gender  on  the  patterns  of  energy  changes  within  the  time- 
window  of  the  sensory  components  of  ERPs  for  the  alpha  frequency.  Gender  has  been  shown  to  influence  a 
variety  of  electrophysiological  measures.  However,  the  factors  that  mediate  gender-related  electrophysiological 
differences  are  not  well  understood.  One  possible  mechanism  which  has  been  postulated  is  that  steroid  hormones 
estrogens  and  testosterone  might  be  related  to  the  neural  oscillations  associated  with  thalamocorical  circuits 
which  underlie  alpha  band  activity  [30].  Within  this  context,  in  order  to  understand  better  the  observed  gender- 
related  differences  concerning  the  two  warning  stimuli  (high-  vs  low-warning  tone)  which  evoked  the  measured 
ERPs,  it  seems  reasonable  to  keep  in  mind  that  the  auditory  pathways  from  cochlear  nucleus  to  the  auditory 
cortex  exhibit  tonotopic  organization  during  the  ontogenesis. [3 1]  In  the  light  of  these  theoretical  assumptions  ,  it 
could  be  speculated  that  males  and  females  have  different  neural  networks  activities  involved  in  the  transfer  of 
information  in  thalamo-cortical  circuits.  This  is  in  line  with  neurophysiological  studies  indicating  that  during  the 
adolence  in  males  the  volume  of  white  matter  increases  faster  than  in  females.  [32] 

Moreover,  the  observed  increase  of  the  energy,  before  -  after  the  P50  amplitude  peak,  points  to  an 
increased  cortical  activation  as  a  direct  consequence  of  EMF  exposure.  Such  an  effect  may  be  due  either  to  the 
psychophysic  effect  of  the  EMF  exposure  on  brain  tissue  and /  or  to  its  neurophysiological  consequences  (e.g. 
influence  on  blood  brain  barrier  and/or  thermal  alterations).  In  relation  to  the  neurophysiological  point  of  view 
recent  studies  provide  evidence,  indicating  the  involvement  of  blood  brain  barrier  (BBB)  permeability,  in  the 
effect  of  mobile  phones  on  the  brain  [33].  For  instance  it  has  been  shown  that  EMF  radiation  has  the  potency  to 
significantly  open  the  BBB  in  a  way  that  not  only  small  but  also  large  molecules,  including  toxic  ones,  can  pass 
the  BBB  producing  neuronal  damage  in  the  cortex,  hippocampus  and  basal  ganglia  of  rats  exposed  to  EMF 
radiation  for  two  (2)  hours  [34,  35].  On  the  other  hand  the  EMF  radiation  is  associated  with  enhancement  of  the 
temperature  of  the  underlying  tissues  of  the  brain.  It  has  been  reported  local  heating  (estimated  to  0.1 1°C  rise  in 
brain)  due  to  radiation  of  EMF  [36].  Interestingly,  psychophysiological  and  neurophysiological  studies  have 
provided  a  direct  relationship  between  alpha  EEG  activity  regarding  both  thermal  stimulations  of  the  brain  and 
changes  of  BBB.  For  example  EEG  coherence  in  alpha  band  significantly  decreased  in  human  subjects  during 
tonic  thermal  stimulation  [37].  Within  this  context,  a  brain  imaging  study  by  Korn  et  al.,  2005  [38]  using  single 
photon  emission  computed  tomography  (SPECT)  and  addressing  to  both  cortical-  and  BBB  function  in  patients 
with  postconcussion  syndrome  found  significantly  lower  power  in  the  alpha  band  compared  with  matched 
controls  in  conjunction  with  BBB  disruption.  Therefore,  the  changes  described  regarding  the  alpha  EEG  activity 
would  seem  to  indicate  adverse  effects  of  EMF  upon  brain  operation,  which  possibly  may  be  mediated  through 
the  thermal  and  BBB  alterations  induced  by  EMF  radiation. 

In  summary,  the  present  study  is  an  attempt  to  find  sensory  ERPs  correlates  associated  with  possible 
effects  on  human  brain  after  exposure  to  EMFs.  In  order  to  retain  both  time  and  frequency  domain  information 
of  ERPs  we  used  the  Wavelet  analysis.  Temporal  comparisons  between  the  energies,  averaged  at  the  time 
intervals  before  and  after  the  P50  amplitude  peak  (30-80  msec  after  warning  stimulus  onset)  were  made.  It  was 
found  that  only  for  the  alpha  band  the  energy  was  mostly  increased  and  this  change  is  highly  dependent  on  the 
interaction  among  modality,  gender  and  EMF  exposure. 
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Abstract 

The  preliminary  experiments  were  carried  out  on  the  group  of  depression  patients  (women,  18  subjects)  and 
comparison  group  of  healthy  volunteers  exposed  during  30  min  to  450  MHz  microwave  radiation  modulated 
with  1000  Hz  frequency.  The  field  power  density  at  the  scalp  was  0.9  mW/cm2.  As  a  subjective  criteria  of 
depression  mood,  the  Brief  Affect  Scale  (BAS)  and  Visual  Analogue  Scale  (VAS)  before  and  after  each 
exposure  procedure  was  used.  Parallel  a  ratio  of  the  EEG  power  in  symmetric  EEG  channels  of  the  different 
brain  hemispheres  FP1/  FP2,  T3/T4,  P3/P4  and  01/02  was  evaluated.  Statistical  analysis  of  these  parameters  for 
individuals  with  post-hoc  Bonferroni  correction  was  applied. 

The  BAS  revealed  mood  improvement  after  exposure  for  majority  of  depressive  subjects  (11)  and  no  changes  for 
others  (7).  The  VAS  detected  significant  improvement  in  subjective  mood  score  after  exposure.  The  EEG 
analysis  showed  the  biggest  difference  in  symmetry  between  hemispheres  in  temporal  area.  Average  values  are 
higher  in  higher  EEG  rhythms.  The  difference  was  significant  in  3  cases  of  exposed  and  in  5  cases  of  sham 
recordings.  Significant  results  in  sham  condition  indicate  that  the  parameter  selected  as  a  measure  is  not  very 
steady  among  depressive  patients.  This  makes  difficult  to  detect  the  effect  caused  by  the  EMF  exposure. 

Keywords:  EMF  effect,  depression.  Brief  Affect  Scale,  EEG  analysis,  symmetry  of  brain  hemispheres. 
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Introduction 

Clinical  treatment  approaches  for  depression  disorder  utilize  primarily  pharmacologic  agents,  antipsychotic  and 
antidepressant  drugs,  that  sometimes  are  of  limited  efficacy  and  may  have  objectionable  side  effects.  ECT  is 
usually  effective  as  a  treatment  for  depressive  disorder,  but  it  involves  general  anesthesia  and  some  degree  of 
memory  loss,  and  its  effects  can  be  transient.  Repetitive  transcranial  magnetic  stimulation  (rTMS),  initially 
developed  to  test  gross  central  nervous  system  function,  more  recently  has  been  applied  with  some  success  in  the 
treatment  of  depression  [1-3].  The  success  of  rTMS  in  the  treatment  of  depression  has  been  varied  and  has  been 
described  in  a  recent  review  as  “often  statistically  significant  (but)  below  the  threshold  of  clinical  usefulness” 
[1].  rTMS  treatment  can  be  unpleasant,  with  some  patients  declining  participation  due  to  scalp  pain  induced  by 
the  apparatus  [4].  There  is  also  a  small  risk  of  seizure  [5]. 

Recent  report  has  suggested  mood  improvement  in  patients  with  bipolar  disorder  immediately  after  they 
underwent  an  echo-planar  magnetic  resonance  spectroscopic  imaging  (EPMRSI)  procedure  that  can  be 
performed  within  clinical  MR  system  limits  [6].  The  mood  states  of  subjects  in  an  ongoing  EP-MRSI  study  of 
bipolar  disorder  were  assessed  by  using  the  Brief  Affect  Scale,  a  structured  mood  rating  scale,  immediately 
before  and  after  an  EP-MRSI  session.  The  characteristics  of  the  electric  fields  generated  by  the  EP-MRSI  scan 
were  analyzed.  Mood  improvement  was  reported  by  23  of  30  bipolar  disorder  subjects  who  received  the  actual 
EP-MRSI  examination,  by  three  of  10  bipolar  disorder  subjects  who  received  sham  EP-MRSI,  and  by  four  of  14 
healthy  comparison  subjects  who  received  actual  EP-MRSI.  Significant  differences  in  mood  improvement  were 
found  between  the  bipolar  disorder  subjects  who  received  actual  EP-MRSI  and  those  who  received  sham  EP- 
MRSI.  The  electric  fields  generated  by  the  EP-MRSI  scan  were  smaller  (0.7  V/m)  than  fields  used  in  repetitive 
transcranial  magnetic  stimulation  (rTMS)  treatment  of  depression  (1-500  V/m)  and  also  extended  uniformly 
throughout  the  head,  unlike  the  highly  nonuniform  fields  used  in  rTMS.  The  EP-MRSI  waveform,  a  1-kHz  train 
of  monophasic  trapezoidal  gradient  pulses,  differed  from  that  used  in  rTMS.  These  preliminary  data  suggest  that 
the  EP-MRSI  scan  induces  electric  fields  that  are  associated  with  reported  mood  improvement  in  subjects  with 
bipolar  disorder.  The  findings  are  similar  to  those  for  rTMS  depression  treatments,  although  the  waveform  used 
in  EP-MRSI  differs  from  that  used  in  rTMS. 

The  findings  reported  above  allowed  expecting  EMF  effect  on  depression  at  the  field  power  density  much  lower 
than  used  in  TMS.  In  our  previous  studies  the  effect  of  the  modulated  450  MHz  microwave  radiation  on  human 
EEG  has  been  detected  at  the  EMF  level  0.16  mW/cnr,  lower  than  the  recommended  health  protection  limit  [7- 
10].  In  majority  of  modulation  frequencies  and  EEG  rhythms  the  exposure  increases  the  EEG  energy  level  and 
variability.  Has  such  stimulation  any  effect  on  depression? 

The  aim  of  this  study  is  to  investigate  the  effect  of  modulated  microwave  exposure  to  the  state  of  depression.  In 
the  study  we  tested  the  hypothesis  that  the  modulated  with  1000  Hz  frequency  450  MHz  EMF  has  an  effect  on 
subjects  with  depressive  disorder.  Distinction  of  reactions  to  microwave  exposure  will  be  performed  by  1) 
clinical  rating  utilising  psychiatric  tests  2)  EEG  analysis. 


Method  and  equipment 

Subjects 

The  experiments  were  carried  out  on  two  groups  of  volunteers:  a  group  of  patients  with  major  depressive 
disorder  and  a  group  of  healthy  comparison  subjects.  The  group  of  subjects  consisted  of  18  persons,  mean  age  39 
years,  standard  deviation  10  years. 

The  study  was  conducted  in  accordance  with  the  Declaration  of  Helsinki  and  has  formally  approved  by  the  local 
Medical  Research  Ethics  Committee.  All  risks,  benefits  and  possible  adverse  events  associated  with  EMF  study 
participation  were  explained  to  subjects,  who  provided  written  informed  consent  before  entering  the  study. 

Subjects  with  major  depressive  disorder  were  selected  from  hospital  inpatient  unit.  Subjects  with  non-psychotic 
major  depressive  disorder  as  defined  by  ICD-10  criteria  and  determined  by  17-item  Hamilton  Depression  Rating 
Scale  (HAM-D)  score  more  than  14  were  eligible.  The  average  1TAMD  score  for  the  group  was  21  (SD  3.3). 
Subjects  were  without  antidepressant  treatment,  only  regular  (same  dosage  for  more  than  3  weeks) 
benzodiazepine  use  was  allowed.  Concomitant  treatments  for  current  general  medical  conditions  were  permitted 
on  the  basis  of  clinical  judgment  (patients  receiving  medication  with  known  CNS  side  effects  were  not  eligible). 
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All  the  subjects  passed  two  experimental  procedures  -  with  exposure  and  sham.  During  each  test  session,  the 
succession  of  exposure-sham  was  randomly  assigned.  Only  one  experimental  EEG  recording  was  performed  for 
a  subject  during  a  day  between  time  interval  9  a.m.  to  noon.  The  subjects  were  not  informed  of  their  exposure, 
however,  they  were  aware  of  the  possibility  of  being  exposed. 

Subjects  were  asked  to  evaluate  Becks  Depression  Inventory  (BDI)  and  Visual  Analogue  Scale  (VAS)  before 
and  after  each  EMF  procedure  (both  exposure  and  sham).  Subjects  were  also  asked  to  evaluate  Brief  Affect 
Scale  (BAS)  after  each  EMF  procedure. 

Microwave  exposure 

The  450  MHz  microwave  radiation  was  generated  by  the  Rhode  &  Swartz  (Germany)  signal  generator  model 
SML02.  The  RF  signal  was  100%  amplitude  modulated  by  the  pulse  modulator  SML-B3  at  1000  Hz  requency 
(duty  cycle  50%).  The  generator  signal  was  amplified  with  the  Dage  Corporation  (USA)  power  amplifier  model 
MSD-2597601  and  additional  laboratory  amplifier  (Miteq-Eesti,  Estonia).  The  generator  and  amplifier  were 
carefully  shielded  and  located  in  the  laboratory  room.  The  1 0W  EMF  output  power  was  guided  by  a  coaxial  to 
the  quarter-wave  antenna  NMT450  RA3206  by  Allgon  Mobile  Communication  AB,  Sweden,  located  at  10  cm 
from  skin  from  the  left  side  of  the  head. 

The  spatial  distribution  of  the  microwave  power  density  was  measured  by  the  Fieldmeter  C.A  43  Chauvin 
Arnoux  (France)  field  strength  meter.  The  calibration  curves  of  the  field  power  density  dependence  on  the 
distance  from  the  radiating  antenna  were  obtained  from  these  measurements  performed  in  the  real  condition  of 
the  experiment.  During  the  experiments,  the  stability  of  the  microwave  level  was  monitored  by  the  IC 
Engineering  (USA)  Digi  Field  C  field  strength  meter.  Estimated  by  the  measured  calibration  curves,  the  field 
power  density  at  the  skin  from  the  left  side  of  the  head  was  0.9  mW/cm2.  The  spatial  distribution  of  the  field 
density  around  the  head  and  upper  torso  was  not  uniform:  Digi  Field  C  field  strength  meter  indicated  maximum 
level  of  0.9±0.1  mW/cm2  at  the  left  side  of  the  head,  minimum  level  of  0.14±0.05  mW/cm2  at  the  right  side  of 
the  head  and  0.45±0.05  mW/cm2  above  the  head.  Measured  field  power  density  was  0.8±0.15  mW/cm2  at  10  cm 
distant  from  the  left  ear,  near  and  the  left  shoulder  and  0.17±0.05  mW/cm2  near  the  right  shoulder.  The  SAR 
value,  calculated  based  on  the  maximum  field  power  density,  is  2  W/kg. 

Experimental  procedure  and  EEG  recording  equipment 

The  study  consisted  of  two  experimental  procedures  identical  for  all  subjects.  The  first  protocol  included 
continuous  EEG  recording  during  30  minutes.  The  450  MHz  1000  Hz  modulated  microwave  exposure  is 
switched  on  during  all  recording.  The  second  protocol  is  the  same  except  that  the  microwave  exposure  is 
switched  off. 

The  experimenter  and  the  subjects  were  in  the  same  laboratory  room  during  the  experiments.  The  room  was  dark 
but  no  other  special  conditions  were  provided.  The  subjects  were  lying  in  a  relaxed  position,  eyes  closed  and  ears 
blocked  during  the  experiments. 

The  Cadwell  Easy  II  EEG  measurement  equipment  was  used  for  the  EEG  recordings  The  EEG  was  recorded 
using  32  electrodes,  which  were  placed  on  the  subject's  head  according  to  the  international  10-20-electrode 
position  classification  system.  The  channels  for  analysis  were  chosen  to  cover  the  entire  head:  frontal  -  FP1, 
FP2;  parietal  P5,  P4,  temporal  -  T3,  T4;  occipital  01,  02  and  the  reference  electrode  Cz).  The  EEG  recordings 
were  stored  on  a  computer  with  a  400  Hz  sampling  frequency.  The  recorded  EEG  signals  were  observed  by  an 
experienced  neurologist.  The  artifacts  were  detected  by  visual  inspection.  The  recordings  containing  multiple 
artifacts  were  removed  and  the  recording  was  repeated. 

Afterwards,  off-line  data  processing  was  executed.  The  energies  of  the  five  basic  EEG  rhythm  frequencies  (delta, 
theta,  alpha,  beta  and  beta2)  were  extracted  from  the  total  EEG  signal  (0.5  -  48  Hz)  by  filtering. 

Clinical  evaluations 

Each  subject  completed  the  Visual  Analogue  Scale  (VAS)  and  the  Brief  Affect  Scale  (BAS)  based  on  their 
subjective  feeling  and  symptoms  before  and/or  after  every  experimental  procedure. 
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Visual  Analogue  Scale  (VAS)  was  introduced  for  subject  self-evaluation  of  mood.  VAS  is  100-millimeter  line 
with  one  end  matching  mood  “very  bad”  and  second  end  matching  as  “very  good”.  Subject  has  to  determine 
visually  her  mood  on  the  day  of  evaluation  marking  this  on  the  line.  In  our  study  subjects  evaluated  VAS  on  the 
day  before  and  the  day  after  EMS  procedure  (both  exposure  and  sham).  This  allows  to  determine  immediate 
effect  as  scale  can  be  to  be  applied  every  day.  The  lengths  of  the  lines  from  beginning  up  to  the  marker  were 
manually  measured  afteiwards  (results  from  0  to  100  are  possible).  The  lower  numeric  results  in  VAS  show 
more  depressive  mood.  VAS  was  introduced  to  determine  immediate  effect  of  EMS,  as  HAMD  and  BDI  are 
designed  for  longer  period  (minimum  1  week). 

The  Brief  Affect  Scale  was  applied  to  the  study  after  the  experimental  protocols.  The  subjects  were  asked  to  fill 
out  the  form  and  answer  how  much,  if  any,  their  feeling  had  improved  or  worsened  since  the  time  before 
experimental  protocol.  The  subjects  provided  their  responses  on  a  7-point  scale,  as  follows:  3,  very  much 
improved;  2,  much  improved;  1,  minimally  improved;  0,  no  change;  -1,  minimally  worse;  -2,  much  worse;  and 
-3,  very  much  worse.  These  numerically  ranked  responses  were  grouped  into  the  categories  of  improved  (3  to  1), 
same  (0),  and  worse  (-1  to  -3)  for  statistical  treatment.  This  grouping  is  referred  to  as  the  Brief  Affect  Scale 
ratings. 

The  two-tailed  paired  Student  t-test  was  used  to  estimate  differences  between  exposed  and  sham  exposed  results 
for  depressive  and  healthy  subjects.  All  p  values  lower  than  0.05  were  considered  as  significant. 

EEG  analysis 

The  dynamics  of  the  EEG  energy  of  the  theta  (4-8  Hz),  alpha  (8-13  Hz),  betal  (13-20  Hz)  and  beta2  (20-40  Hz) 
rhythms  frequencies  was  analyzed. 

Assymmetry  between  left  and  right  brain  hemisphare  EEG  channels  was  selected  as  a  measure  for  estimation  of 
the  effect.  The  ratio  of  the  power  spectral  density  of  the  signals  for  the  symmetric  channels  FP2/FP1,  T4/T3, 
P4/P3,  02/01  from  right  and  left  hemispheres  was  calculated  and  analysed. 

The  power  spectral  density  (PSD)  was  estimated  by  means  of  Welch's  averaged  periodogram  method.  The  signal 
was  divided  into  overlapping  sections  (50%),  with  the  length  of  2048  points  and  windowed  by  the  Hanning 
window.  Afterwards,  the  power  on  the  theta,  alpha,  or  beta  band  Wm„  was  computed  for  each  subject  (indexed  by 
«e[l,18])  and  hemisphere  (indexed  by  m=l,2)  as  the  area  under  the  spectrum  for  the  corresponding  frequency 
band  (integral  of  the  band). 

The  relative  misbalances  of  the  PSD  in  symmetric  channels  were  selected  for  further  analysis.  Finally,  parameter 
A  for  a  subject  was  calculated  as  follows: 

A=(Wln  /  W2n  -1)*100%, 

where  WIn  and  W2n  were  the  power  spectral  densities  of  the  right  and  left  symmetric  channel  respectively. 

The  average  values  and  standard  deviations  of  parameter  A  for  different  EEG  channels  pairs  for  the  individual 
subjects  and  for  the  whole  group  were  calculated. 

Statistical  analysis  was  performed  for  the  differences  between  exposed  and  sham  exposed  recordings.  For  sham 
recordings,  normal  physiological  processes  determine  the  asymmetry  between  hemispheres  and  the  standard 
deviation  a  for  the  parameter  A  was  calculated. 

According  to  the  “zero  hypothesis”,  the  EEG  recordings  of  subjects  under  microwave  exposure  cannot  be 
distinguished  from  sham  signals.  Thus,  the  “zero  hypothesis”  implies  that  and 

Consequently,  if  the  “zero  hypothesis”  is  true,  the  quantity 

*  =K->r1J  CT  ~  is  a  /-distributed  random  quantity,  the  cumulative  distribution  of  which  is  routinely 
designated  as  F\^(x)\  the  indices  1  and  18  stand  for  the  numbers  of  the  degrees  of  freedom. 

Accordingly,  the  ratio  of  the  computed  power  difference  to  the  standard  deviation  (calculated  on  the  basis  of 
sham  signals)  of  the  differences  can  be  used  as  a  quantitative  measure,  showing  how  well  the  “zero  hypothesis” 
is  satisfied,  respective  ^-values  are  obtained  by  means  of  the  cumulative /distribution: 
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P-FuXw^-WiJa-1.. 

Post-hoc  mean  comparisons  were  tested  by  Bonferroni  approach  with  a  0.05  confidence  level. 

Signal  processing  and  calculation  of  parameters  were  performed  in  the  LabVIEW  and  MatLab  programming  and 
signal  processing  environment. 


Results 

The  results  of  psychiatric  tests  are  presented  in  Table  1.  Most  of  the  depressive  subjects  reported  improvement  of 
her  mood  after  exposure  (11).  This  number  is  less  for  sham  procedure  (7).  Numbers  of  the  subjects  with  no 
changes  of  mood  is  less  for  exposed  subjects  (7)  and  higher  for  sham  subjects  (10).  Only  one  subject  reported 
worsening  of  her  mood  during  sham  procedure. 

The  changes  in  mood  during  procedure  are  quite  well  reflected  in  score  of  the  BAS  test:  average  score  for 
exposed  procedure  is  0.81  and  sham  procedure  0.62. 

VAS  test  revealed  significant  change  between  scores  before  (average  33.3)  and  after  (  average  40.2)  for  exposed 
subjects  and  no  significant  change  for  sham  exposed  subjects. 

These  results  are  in  good  agreement  with  the  study  [6],  where  mainly  the  Brief  Affect  Scale  was  used  for 
evaluation  of  the  mood  improvement  in  bipolar  depression.  Anyway,  such  results  may  be  caused  by  the  factors 
different  from  EMF  as  inconveniences  related  to  MRI  equipment  or  EEG  cap. 


Table  1.  Data  of  the  Brief  Affect  Scale  (BAS)  and  Visual  Analogue  Scale  (VAS)  tests  for  depressive  subjects 


Total 
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ing 
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ing 

Sub. 
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ing 
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Before 

After 

Mean 

for 

group 

SD 

Mean 

for 

group 

SD 

Mean 

for 

group 

SD 

Depression 
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exposed 

18 

11 

0 

7 

0.81 

0.75 

33.34 

17.97 

40.21 

25.18 

p= 0.04 

Depression 

subjects 

sham 

exposed 

18 

7 

1 

10 

0.62 

1.20 

35.68 

19.46 

40.29 

21.21 

p=0.25 

Data  of  the  EEG  analysis  are  presented  in  Figures  1  and  2.  Figure  1  presents  the  average  values  of  A  for  different 
frequency  bands,  for  control  group  in  sham  (la)  and  EMF  condition  (lb).  As  can  be  seen,  those  values  behave 
quite  similarly.  The  biggest  difference  seems  to  be  in  frontal  region.  Flowever,  trends  in  different  channels  are 
the  same  in  sham  and  EMF  condition. 

As  expected,  for  control  group,  there  were  no  significant  results  in  the  ratio  of  the  computed  power  difference  to 
the  standard  deviation  of  differences  (calculated  on  the  basis  of  sham  signals)  in  the  case  of  sham  recordings  nor 
recordings  under  the  influence  of  EMF. 

Figure  2  presents  the  average  values  of  A  for  different  frequency  bands,  for  depressive  group  in  sham  (2a)  and 
EMF  condition  (2b).  The  results  are  not  as  similar  between  two  EMF  conditions  as  they  were  in  control  group. 
The  biggest  difference  occurs  in  temporal  area.  Average  values  are  higher  in  higher  EEG  rhythms,  however 
having  opposite  signs.  Beta  rhythms  are  more  influenced  also  in  frontal  area.  Trends  in  other  brain  regions  are 
mostly  the  same  in  sham  and  EMF  conditions. 
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In  the  case  of  EMF  recordings  of  depressed  patients,  the  ratio  of  the  computed  power  difference  to  the  standard 
deviation  of  differences  (calculated  on  the  basis  of  sham  signals)  was  significant  in  3  cases,  and  in  the  case  of 
sham  recordings  in  5  cases.  Significant  results  in  sham  condition  indicate  that  parameter  A  is  not  very  steady 
among  depressive  patients.  This  makes  difficult  to  detect  which  deviation  of  the  parameter  is  caused  by  EMF. 


la) 


1000 


lb) 


sham 


Figure  1.  The  average  asymmetry  of  hemispheres  (average  values  of  T )  for  different  EEG  rhythms  for  control 

group  in  EMF  (la)  and  sham  (lb)  condition. 


To  investigate  the  behaviour  of  parameter  A  with  depression,  the  depressive  patients’  sham  recordings  were 
compared  with  the  sham  recordings  of  the  control  group. 

Now,  the  ratio  of  the  computed  power  difference  to  the  standard  deviation  of  differences  (calculated  on  the  basis 
of  sham  signals)  for  control  group  sham  recordings  was  zero  and  depressive  group  sham  recordings  had  7 
significant  results.  The  influence  was  highest  in  frontal  theta  rhythm  16.7%  and  the  depression  slightly 
influenced  also  the  betal  and  beta2  rhythms  in  frontal  and  temporal  region  (5.6%). 
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Figure  2.  The  average  asymmetry  of  hemispheres  (average  values  of  T)  for  different  EEG  rhythms  for  the  group 
of  patients  with  major  depressive  disorder  in  EMF  (2a)  and  sham  (2b)  condition. 


Summary 

The  BAS  revealed  mood  improvement  after  microwave  exposure  for  majority  of  depressive  subjects  (11)  and  no 
changes  for  others  (7).  The  VAS  detected  significant  improvement  in  subjective  mood  score  after  exposure. 
These  results  support  the  recent  promising  research  where  mood  improvement  in  bipolar  depression  by  low- 
frequency  magnetic  field  has  been  reported  [6], 

The  EEG  analysis  based  on  evaluation  of  symmetry  between  brain  hemispheres  detected  the  biggest  difference 
related  to  EMF  exposure  in  temporal  area.  Average  values  are  higher  in  higher  EEG  rhythms.  But  the  difference 
related  to  EMF  was  significant  in  3  cases,  and  in  the  case  of  sham  recordings  in  5  cases.  Significant  results  in 
sham  condition  indicate  that  the  parameter  selected  as  measure  is  not  very  steady  among  depressive  patients  and 
makes  difficult  to  detect  which  deviation  of  the  parameter  is  caused  by  EMF  exposure. 

The  preliminary  results  are  promising  and  the  further  investigation  should  be  aimed  to  finding  a  better  measure 
for  EEG  analysis  and  performing  experiments  on  larger  number  of  subjects. 
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Abstract 

The  aim  of  this  study  was  to  investigate  the  effects  of  a  0.5  T  static  magnetic  field  (SMF)  of  a  MRI  clinical  unit 
on  TNF-a  release  from  peripheral  blood  mononuclear  cells  (PBMC)  obtained  from  patients  with  rheumatoid 
arthritis  (RA).  These  patients  didn’t  take  biological  drugs,  as  receptor  TNF-a  or  anti-TNF-a  monoclonal 
antibodies,  at  the  time  of  collecting  samples.  PBMC  were  isolated  and  cultured  in  complete  medium  and  split 
into  2  groups  of  samples,  one  to  be  exposed  and  the  other  one  as  control.  After  2  hrs  of  exposure  to  the  SMF  at 
37°C,  cells  were  stimulated  or  non  stimulated  with  a  mitogen,  and  incubated  for  48  hrs.  After  the  incubation  the 
supernatants  were  collected  and  assayed  by  ELISA  technique  for  TNF-a  production.  The  results  demonstrated  a 
significant  decrease  of  TNF-a  release  in  PBMC  of  patients  with  RA  exposed  to  0.5  T  SMF.  RA  is  a  multisystem 
disorder.  It  predominantly  causes  inflammation  in  synovial  joints  and  tendon  sheaths  and  results  in  suppressed 
erythropoiesis,  but  can  also  lead  to  serositis,  alveolitis,  ocular  scleritis,  subcutaneous  nodules  and 
hepatosplenomegaly.  The  positive  clinical  response  to  drug  therapy  with  TNF-a-neutralizing  agents  shows  that 
the  inflammation  is  largely  TNF-a  dependent,  at  least  in  the  synovium. 

Introduction 

Static  magnetic  field  (SMF)  produces  different  bioeffects  on  cells  of  the  human  immune  system.  A  strong  SMF 
is  commonly  employed  by  magnetic  resonance  devices  in  clinical  practice  to  obtain  tomographic  images  of  the 
whole  body  (MRI,  magnetic  resonance  imaging).  Immune  system  cells  represent  a  well  known  and  sensitive 
model  for  the  study  of  magnetic  field  bioeffects  [1-3].  We  have  previously  demonstrated  that  the  SMF  generated 
by  a  0.5  T  superconducting  MRI  clinical  unit  causes  in  vitro  alteration  on  cytokine  release  in  human  peripheral 
blood  mononuclear  cells  (PBMC)  from  healthy  volunteers  [1,  3].  Among  these  cytokines,  it  was  observed  a 
decreased  release  of  TNF-a  in  exposed  cells  [4,  5].  TNF-a  is  a  regulator  of  the  immune  response,  playing  an 
important  role  in  several  inflammatory  conditions,  such  as  rheumatoid  arthritis  (RA)  [6,  7].  Some  papers  have 
dealt  the  effects  of  electromagnetic  fields  (emf)  as  a  potential  therapy  in  the  treatment  of  arthritis  [8,  9].  The  aim 
of  this  study  was  to  investigate  the  effects  of  a  0.5  T  SMF  of  a  MRI  clinical  unit  on  TNF-a  release  from  PBMC 
obtained  from  patients  with  rheumatoid  arthritis  (RA). 

Materials  and  methods 

PBMC  of  4  patients  affected  by  RA  and  that  didn’t  take  biological  dings,  as  receptor  TNF-a  or  anti-TNF-a 
monoclonal  antibodies,  at  the  time  of  collecting  samples,  were  used  for  the  experiment.  PBMC  were  isolated 
from  heparinized  blood  by  centrifugation  on  Ficoll-Hypaque  (Pharmacia,  Uppsala,  Sweden).  Cells  were 
maintained  in  RPMI-1640  (Gibco,  Grand  Island,  NY)  supplemented  with  10%  heat- inactivated  pooled  human 
AB+  serum,  2  mM  L-glutamine,  20  mM  HEPES,  100  U/ml  penicillin,  100  pg/ml  streptomycin,  5  x  10'5  M  2- 
mercaptoethanol  and  150  IU/  ml  rIL-2.  PBMC  were  split  into  two  groups  of  samples,  one  to  be  exposed  and  the 
other  one  as  control  to  be  kept  under  isothermal  conditions  for  the  whole  time  of  the  experiment.  After  2  hrs  of 
exposure  to  the  SMF,  cells  were  stimulated  with  a  mitogen,  lypopolisaccaride  (LPS),  employed  at  a  0.5  |ig/ml 
suboptimal  concentration.  After  48  hrs  of  culture  supernatants  were  collected  and  stored  at  -70°  C  until  tested. 
TNF-a  content  was  assessed  using  immunoenzymatic  methods.  The  commercial  enzyme-linked  immunosorbent 
assay  (ELISA)  was  reagent  set  human  TNF-a  (EUROCLONE,  Devon,  UK).  A  superconducting  MRI  unit 
(Vectra;  GE  Medical  Systems,  Milwaukee,  WI,  USA)  commonly  employed  for  clinical  examinations  was  the 
source  of  the  0.5  T  SMF.  A  specific  device  for  keeping  the  cell  samples  at  37°  C  was  used;  it  was  constituted 
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by  a  thermostated  water  bath  in  which  a  plexiglass  tube  holder,  with  the  tubes  containing  cell  samples,  was 
placed  before  its  introduction  within  the  gantry  of  the  MRI  unit. 

Results 

After  48  hrs  of  in  vitro  culture,  a  significant  decrease  of  TNF-a  release  was  observed  in  PBMC  of  4  patients 
affected  by  RA  exposed  for  2  hrs  to  a  0.5  T  SMF,  stimulated  or  not  stimulated  with  LPS,  in  comparison  with 
sham-exposed  cells  (Fig.  1). 

Discussion 

It  has  been  previously  observed  that  exposure  of  human  PBMC  from  healthy  volunteers  for  2  hrs  at  37  °C  to  the 
0.5  T  SMF  of  a  MRI  clinical  unit  caused  a  decreased  release  of  cytokines  in  exposed  cell  [1,  3].  It  was  also 
demonstrated  a  decreased  release  of  TNF-a  in  human  macrophages  under  the  same  condition  of  exposure  [4].  A 
related  decrease  of  intracellular  free  calcium  -whose  compartimentalization  through  cell  membrane  is  a  part  of 
the  cell  response  mechanism  to  magnetic  fields  and  inhibits  activation  of  immune  system  cells-  was  also  found 
in  the  exposed  macrophages  [5].  In  this  study  the  effects  of  a  0.5  T  SMF  of  a  MRI  clinical  unit  on  TNF-a 
release  from  PBMC  obtained  from  patients  with  RA  was  evaluated.  RA  is  a  chronic  inflammatory  disease 
affecting  1%  of  the  population  [6].  TNF-a  is  a  cytokine  that  promotes  the  inflammation  and  its  associated  with 
fever  and  signs  (pain,  tenderness,  and  swelling)  in  several  inflammatory  conditions,  including  RA  [6,  7].  Some 
dings  have  been  introduced  that,  blocking  the  action  of  TNF-a,  reduce  the  signs  and  symptoms  of  inflammation 
and  stops  the  progression  of  joint  damage  [10].  Moreover,  TNF-a  is  now  recognized  as  a  critical  cytokine 
orchestrating  differentiation  and  proliferation,  as  well  as  the  ability  to  induce  cell  death  [6].  TNF-a  has  been 
implicated  as  the  causative  agent  in  a  number  of  pathologies,  including  cachexia,  septic  shock,  rheumatoid 
arthritis,  autoimmunity,  and  induction  of  HIV  expression.  Activated  T  cells,  macrophages,  and  other  non¬ 
lymphoid  cells  produce  TNF-a.  In  RA,  the  antibodies  (IgM)  produced  react  with  connective  tissue  components 
such  as  collagen  and  proteoglycans  as  well  as  with  determinants  in  the  Fc  region  of  IgG  and  form  IgG-IgM 
complexes,  which  get  deposited  in  the  joints  and  activate  complement  cascade  [11].  This  mechanism  leads  to 
erosion  of  cartilage  and  bone.  The  existing  treatments  available  for  RA  cannot  be  considered  as  curative  or 
definitive  therapy.  Hence,  alternative  and  safe  therapy  regulating  signaling  pathways  is  absolutely  essential. 
There  is  an  increasing  interest  in  the  therapeutic  use  of  emfs  in  arthritis,  stimulated  in  large  part  by  recent 
advances  in  alternative  and  complementary  medicine  [8,  9].  In  this  paper,  after  48  hrs  of  in  vitro  culture,  a 
significant  decrease  of  TNF-a  release  was  observed  in  PBMC  of  patients  affected  by  RA  exposed  for  2  hrs  to  the 
0.5  T  SMF  of  a  MRI  clinical  unit.  Although  these  preliminary  results,  obtained  from  PBMC  of  only  4  patients 
affected  by  RA,  need  to  be  confirmed  on  wider  population,  this  work  may  supply  a  key  to  the  comprehension  of 
mechanisms  responsible  of  the  therapeutic  effects  of  emfs  in  arthritis.  Interesting  perspectives  in  the  use  of  emfs 
as  an  adjuvant  or  alternative  form  of  therapy  in  arthritis  may  furthermore  develop. 
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Fig.l.  Release  of  TNF-a  by  human  PBMC  exposed  to  a  0.5  T  SMF 

Legends: 

1.  Sham  exposed  PBMC  after  48  h  of  culture  in  complete  medium. 

2.  SMF  exposed  PBMC  after  48  h  of  culture  in  complete  medium. 

3.  Sham  exposed  PBMC  stimulated  with  mitogen  (LPS)  after  48  h  of  culture  in  complete  medium. 

4.  SMF  exposed  PBMC  stimulated  with  mitogen  (LPS)  after  48  h  of  culture  in  complete  medium. 
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Abstract:  Worldwide,  healthcare  facilities  are  recognizing  the  need  to  incorporate  new  technology  and  provide 
better  point-of-care  information  to  improve  healthcare  delivery,  while  reducing  medical  errors.  Computing 
technologies,  electronic  medical  record  systems,  and  seamless  access  to  information  using  wireless 
communication  can  offer  significant  advancements  to  healthcare  communication  and  health  informatics 
exchange.  Such  wireless  technologies  include  the  use  of  mobile  phones,  handheld  computers  /  PDAs,  WiFi  / 
802.11.x  local  area  networks,  personal  area  networks  including  802.15.1  (Bluetooth)  /  802.15.4  (Zigbee)  / 
WiMedia  /  UWB  Alliance  (UWB),  two-way  pagers,  radios,  etc.  In  addition,  visitors  and  patients  are  also  finding 
use  of  personal  mobile  phones  and  other  wireless  devices  increasingly  valuable,  especially  in  times  of  crisis. 
Previously,  no  uniform  international  guideline  existed  for  the  appropriate  deployment,  use,  and  management  of 
mobile  wireless  communication  and  computing  technology  within  healthcare  facilities  to  mitigate  potential 
electromagnetic  interference  (EMI)  with  medical  devices.  At  one  extreme,  overly-restrictive  policies  in  some 
healthcare  facilities  may  inadvertently  act  as  obstacles  to  the  deployment  of  beneficial  technology.  At  the  other 
extreme,  unmanaged  use  of  mobile  wireless  handsets  in  healthcare  facilities  can  place  patients  at  risk.  An  equally 
important  factor  in  this  issue  is  that  healthcare  organizations  throughout  the  world  have  a  variety  of  different 
resources,  needs,  concerns,  and  RF  environments  that  may  not  all  be  addressed  by  implementation  of  a  single 
prescriptive  management  strategy.  The  current  Technical  Report  offers  balanced  guidance  to  allow  diverse 
healthcare  organizations  realize  the  benefits  of  mobile  wireless  technology  while  also  providing  necessary  and 
sufficient  safeguards  against  undesired  and  unintended  risks  of  EMI. 

Introduction:  The  non-controlled/unmanaged  use  of  mobile  wireless  equipment  by  individuals  visiting  or 
working  in  healthcare  facilities  has  steadily  increased,  regardless  of  existing  healthcare  policy.  However, 
published  reports  suggest  that  the  level  of  risk  for  accidental  EMI  events  from  government  and  other  non-profit 
health  agency  sources  appears  to  be  relatively  small,  although  underreporting  of  such  events  may  be  substantial. 
Anecdotal  observations  of  suspected  EMI  events  or  incidents  with  ECG  and  EEG  machines,  apnoea  monitors, 
ventilators  and  radiant  warmers,  infusion  pumps,  wheelchairs,  and  other  devices  have  been  reported  or  referred 
to  in  a  number  of  publications  [ l]-[  15],  Ad  hoc  test  studies  [16]-[28]  have  confirmed  that  EM  interference 
effects  can  be  caused  by  certain  wireless  transmitters  in  susceptible  medical  devices,  although  this  generally 
requires  specific  conditions  (transmission  at  higher  power  levels,  close  proximity,  for  extended  periods  of  time) 
that  may  not  be  common  during  normal  use. 

Although  the  recently  approved  second  edition  of  the  IEC  International  Standard  60601-1-2  specifies  general 
immunity  levels  of  3  V/m  for  medical  equipment  and  systems  that  are  not  life-supporting  and  10  V/m  for  life¬ 
supporting  medical  equipment  and  systems,  manufacturers  in  the  US  and  many  other  countries  are  allowed  to 
justify  lower  levels  and  there  is  no  consistent  international  regulation  enforcing  this  standard.  Many  mobile 
wireless  handsets  exceed  the  3  and  10  V/m  limits  when  operating  at  maximum  power  and  in  close  proximity. 
Further,  older  medical  devices  still  in  use  may  not  have  been  constructed  or  tested  to  the  same  EM  immunity 
level.  Despite  the  potentially  serious  level  of  risk  due  to  unmanaged  mobile  wireless  handset  use,  most  mobile 
wireless  equipment  might  be  allowed  to  operate,  even  where  potentially  susceptible  medical  devices  are  used,  if 
comprehensive  management  procedures  are  implemented. 

Recommendations:  The  following  recommendations  are  intended  to  help  the  healthcare  facility  achieve  a 
reasonable  assurance  of  EMC  with  their  medical  devices  while  allowing  for  the  deployment  of  wireless  RF 
technology.  These  recommendations  are  built  on  the  foundations  from  the  AAMI  TIR  18-1997, 
recommendations  from  the  AMA  Council  on  Scientific  Affairs,  the  American  Society  for  Healthcare  Engineers, 
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and  several  other  publications  and  reports.  In  general,  the  healthcare  facility  should  create  a  management, 
testing,  procurement,  and  education  program  and  policies  addressing  electromagnetic  compatibility  with  active 
medical  devices  and  the  deployment  of  wireless  technology.  Because  of  the  wide  range  of  wireless  technology 
involved,  there  are  specific  recommendations  dealing  with  both  the  wireless  emitters  that  are  controlled  or 
managed  by  the  healthcare  facility  and  wireless  emitters  that  are  not  easily  controlled  by  the  facility  (e.g.,  patient 
or  visitor  PDAs,  computers,  or  cellular  telephones).  The  following  flow  chart  illustrates  basic  steps  outlined  in 
the  specific  recommendations  to  develop  a  facility  strategy  allowing  wireless  equipment  to  operate  without 
unnecessary  restrictions  while  at  the  same  time  sufficiently  managing  and  mitigating  potential  EMI  issues. 
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Non-eontrolled  wireless  equipment 


•  Selective  Restrictions  in  Areas 
where  Potentially  Susceptible  Life- 
Supporting  Devices  Commonly 
Operate 

•  Easy  Access  Use  Areas 

•  Clear  Signage  Explaining  Current 
Policy 


Controlled  wireless  equipment 


•  Testing  (ANSI  C63 . 1 8)  and  EMI 
Characterization 

•  Wireless  Infrastructure  Deployment 
(as  necessary) 

•  Medical  Device  Management 

•  User  Training  and  Instructions 


Important  recommendations  are  made  equally  to  Medical  Device  Manufacturers,  Healthcare  facilities,  and 
Wireless  Equipment  Manufacturers. 

Risk  management  of  medical  devices  is  covered  in  ISO  14971.  All  medical  devices  (including  systems  of 
medical  devices  such  as  would  be  formed  with  wired  or  wireless  communication  devices)  should  meet  that 
standard  and  be  managed  to  take  into  account  compliance  with  ISO  14971  over  the  life  cycle  of  the  device. 

For  Medical  Device  Manufacturers,  they  should  continue  to  meet  and  exceed  current  IEC  60601-1-2  [33]  listed 
electromagnetic  immunity  levels  in  the  design  of  new  medical  equipment.  Medical  devices  that  are  not  directly 
covered  by  this  technical  report  should  also  be  designed,  manufactured,  and  deployed  using  the  appropriate 
consensus  standards  with  respect  to  EMC.  (e.g.,  active  implanted  devices  [55],  in  vitro  diagnostics  [56]).  It  is 
expected  that  medical  devices  will  increasingly  operate  in  environments  where  emissions  from  mobile 
RF/wireless  transmitters  are  increasingly  common. 

For  Healthcare  facilities,  they  should  manage  wireless  equipment  within  their  facility  in  accordance  with  the 
following  guidelines,  and  neither  unduly  limit  the  use  of  otherwise  beneficial  technology  or  ignore  the  potential 
for  EMI  issues.  Similar  recommendations  electromagnetic  compatibility  with  medical  devices  should  also  be 
directly  incorporated  into  coiporate  policies,  strategic  plans,  and  /  or  governance  models. 

For  Wireless  Equipment  Manufacturers,  they  should  have  full  understanding  of  the  potential  EMI  issues  that  can 
arise  in  worse  case  scenarios  with  medical  devices  as  well  as  other  wireless  equipment,  and  deploy  their 
equipment  and  systems  appropriately  in  accordance  with  the  following  recommendations. 


538 


OVERVIEW  OF  ISO  TC215  TECHNICAL  REPORT  #21730:  "HEALTH  INFORMATICS 
-  USE  OF  MOBILE  WIRELESS  COMMUNICATION  AND  COMPUTING 
TECHNOLOGY  IN  HEALTHCARE  FACILITIES  -  RECOMMENDATIONS  FOR 
ELECTROMAGNETIC  COMPATIBILITY  WITH  MEDICAL  DEVICES 

Responsibility  within  healthcare  facilities 

Within  the  healthcare  facility,  clinical/biomedical  engineers  or  other  appropriate  technical  personnel  (e.g., 
spectrum  management,  IT,  telecom,  and  building  services)  should  be  the  focal  point  for  EMC,  EMI  mitigation, 
and  EMC/EMI  education  and  training.  Qualifications  are  not  specified  in  this  document,  although  consideration 
should  be  given  to  appropriate  education,  expertise,  and  experience  of  the  responsible  individuals 

Inventory  within  healthcare  facilities 

The  medical  device  inventory  within  a  healthcare  facility  should  be  managed  to  the  extent  possible  and  practical 
to  ensure  compatibility  with  the  ever-increasing  RF  environment. 

a)  In  the  purchase  of  new  medical  devices  by  healthcare  facilities,  every  effort  should  be  made  to  ensure  the 
equipment  meets  (and  exceeds  if  possible)  minimum  EMC  immunity  requirements  set  out  by  IEC  60601-1- 
2:2001  or  other  appropriate  medical  device  EMC  standard.  Older  equipment  found  to  be  particularly  susceptible 
to  EMI  caused  by  mobile  wireless  transmitters  should  be  phased  out  as  is  possible  and  practical  within  the 
healthcare  facility  budget. 

b)  While  significant  modifications  to  medical  devices  should  not  be  made  by  healthcare  facilities,  certain 
simple  precautions  can  be  taken  to  reduce  the  risk  of  EMI  caused  by  mobile  wireless  transmitters.  EMI 
susceptibility  in  all  medical  devices  can  be  reduced  by  positioning  cables,  sensors,  and  electrical  accessories  in 
such  a  way  as  to  increase  the  distance  between  these  components  and  RF  transmitters  operating  in  the  area.  Life¬ 
supporting  medical  devices  or  those  known  or  suspected  of  being  susceptible  to  EMI  can  be  positioned  away 
from  high  traffic  areas  or  adjoining  rooms  where  mobile  wireless  equipment  may  be  in  routine  operation. 

Testing  within  healthcare  facilities 

The  IEEE  /  ANSI  C63.18  protocol  is  recommended  for  comprehensive  ad  hoc,  on  site  testing  of  all  mobile 
wireless  equipment  that  might  be  used  in  the  healthcare  facility  by  doctors,  staff,  visitors,  or  patients.  However, 
it  is  fully  understood  that  exhaustive  testing  is  rarely  feasible,  and  different  needs,  resources,  and  personnel 
constraints  of  the  healthcare  facility  may  dictate  widely  different  approaches.  General  recommendations 
regarding  EMC  testing  are  as  follows: 

a)  Testing  should  be  performed,  whenever  possible  and  practical,  on  selected  medical  devices  in  the  equipment 
inventory  that  are  considered  to  have  life  supporting  functions  (i.e.,  according  to  the  prioritization 
recommendations  of  ANSI  C63.18)  using  one  of  the  mobile  handsets  as  a  test  transmitter  (see  ANSI  C63.18  for 
details  on  the  test  protocol). 

b)  Testing  should  take  special  consideration  of  older  medical  devices,  life-supporting  medical  devices,  and  any 
device  where  EMI  is  suspected.  Testing  can  be  extended  to  other  medical  devices  where  feasible  and  practical 
(see  ANSI  C63.18  for  details  on  a  recommended  prioritization). 

c)  Periodic  testing  should  be  performed  on  a  regular  schedule  (e.g.,  once  per  year),  and  especially  after  changes 
such  as  the  introduction  of  new  communication  devices,  new  medical  equipment,  or  significant  repositioning  on 
a  regular  basis 

d)  If  comprehensive  testing  of  mobile  wireless  equipment  is  not  possible,  focused  testing  on  mobile  wireless 
equipment  routinely  operating  within  the  healthcare  facility  that  can  transmit  at  higher  power  (e.g.,  two-way 
radios,  mobile  /  cellular  phones)  may  be  most  appropriate  (see  section  3,  Table  1,  and  Annex  A  sections  4  and  5 
for  more  detailed  information  about  the  frequency  and  RF  output  power  for  several  types  of  wireless  equipment). 
If  testing  of  mobile  wireless  equipment  is  not  possible  at  all,  some  information  may  be  obtained  by 
communicating  with  larger  healthcare  facilities  that  have  performed  prior  testing  or  from  ad  hoc  EMI  testing 
databases  found  on  the  internet  (one  such  ad  hoc  EMI  testing  database  is  currently  being  developed  in 
cooperation  with  ASHE,  although  as  of  this  revision  it  is  not  yet  operational). 

e)  Assistance  with  obtaining  transmitter  equipment,  setting  the  equipment  in  test  mode  for  constant  output  at 
maximum  power,  and  performing  ad  hoc  testing  can  often  be  requested  from  mobile  wireless  equipment 
manufacturers  and/or  network  providers. 

f)  Consideration  may  be  given  to  have  testing  performed  by  an  independent  third  party,  in  conjunction  with  the 
healthcare  organization's  clinical  engineering  group.  The  involvement  of  a  third  party  may  facilitate  a  consistent 
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and  impartial  evaluation  of  EMI  issues  and  proposed  management  strategies,  and  more  importantly  may  offer  an 
independent  analysis  in  cases  where  a  further  level  of  indemnity  for  the  healthcare  facility,  equipment 
manufacturer,  and/or  network  service  provider  is  desired. 

g)  Medical  devices  found  in  ad  hoc  testing  to  be  susceptible  to  EMI  should  be  replaced  whenever  feasible  and 
practical  with  more  electromagnetically  compatible  devices,  e.g.  those  compliant  with  new  IEC  60601-1-2:2001 
and  other  relevant  immunity  requirements.  However,  it  should  be  noted  that  medical  devices  meeting  60601-1-2 
can  still  be  susceptible  to  emissions  from  mobile  wireless  equipment  such  as  mobile  /  cellular  phones  at  close 
range  where  the  electromagnetic  fields  exceed  the  immunity  testing  levels  specified  in  this  standard. 

h)  Results  from  ad-hoc  testing  tend  to  be  variable,  due  to  variability  in  RF  source  power,  medical-device 
differences,  and  test-site  differences.  It  is  important  to  understand  that  the  primary  function  of  ad-hoc  testing  is 
to  identify  unreasonably-susceptible  medical  devices  so  that  they  can  be  managed  appropriately,  not  act  as  a 
quantitative  assessment  of  their  susceptibility. 

Controlled  use  within  healthcare  facilities 

For  controlled  mobile  wireless  equipment  to  be  used  by  doctors  and  healthcare  organization  staff  under  managed 
conditions,  it  is  recommended  that  necessary  and  sufficient  procedures  be  implemented  to  identify,  characterize, 
and  mitigate  potential  EMI  problems. 

a)  The  IEEE  /  ANSI  C63.18  recommended  practice  (as  outlined  above)  is  the  suggested  test  protocol  for  rapid 
ad  hoc,  on-site  RF  EMI  testing  for  EMI  identification  and  characterization. 

1)  Testing  should  be  performed  using  the  mobile  wireless  handsets  to  be  used  in  the  controlled  system  as  a  test 
transmitter.  If  multiple  in-house  systems  are  to  be  deployed,  testing  should  be  performed  with  each  different  RF 
signal.  If  new  in-house  systems  are  deployed,  each  different  RF  signal  should  be  tested.  Different  EMI  effects 
can  be  caused  by  different  RF  signals. 

2)  Ad  hoc  testing  should  be  an  ongoing  effort,  with  a  record  of  EMI  test  results  kept  including  characterization 
of  new  medical  device  acquisitions  and  investigation  /  verification  of  reported  EMI  incidents,  making  any 
necessary  adjustments  to  policy. 

3)  Periodic  testing  should  be  performed  on  a  regular  schedule  (e.g.,  once  per  year),  and  especially  after  changes 
such  as  the  introduction  of  new  communication  devices,  new  medical  equipment,  or  significant  repositioning  on 
a  regular  basis. 

4)  Given  the  qualitative  nature  of  the  ANSI  C63.18  ad  hoc  testing,  even  if  no  significant  EMI  issues  are 
identified,  nominal  management  policies  including  recommended  minimum  separation  distances  may  still  be 
prudent. 

b)  For  mobile  handsets  that  transmit  at  a  constant  output  power,  having  no  dynamic  power  control  (e.g., 
standard  two-way  radios,  family  radios,  two-way  pagers,  802.11  systems),  EMC  management  should  involve 
ensuring  adequate  separation  from  identified  susceptible  medical  devices.  In  the  case  of  radio  transmitters  with 
relatively  high  constant  power  output  (1  W  or  more),  this  may  require  significant  separation  distances  and 
possibly  necessitate  their  restriction  from  certain  areas  of  the  healthcare  facility.  In  the  case  of  pagers  with 
extremely  short  burst  transmissions  or  IEEE  802.11  a/b/g  /  Local  Area  Network  or  IEEE  802.15  /  Bluetooth  / 
Zigbee  /  IEEE  802.15.3a  PAN  equipment  (see  table  1  for  more  information  about  these)  with  relatively  low 
constant  power  output  (~10  milliwatts),  the  risk  of  EMI  may  be  significantly  less  than  for  equipment  such  as 
two-way  radios.  Testing  is  still  recommended  whenever  possible,  although  it  is  understood  that  it  may  reveal 
little  susceptibility  and  the  feasibility  and  practicality  of  all  testing  must  be  considered  and  prioritized. 

c)  If  mobile  wireless  transmitters  are  dynamically  power  controlled  (e.g.,  mobile  /  cellular  phones,  PDAs 
operating  on  wide  area  networks),  EMC  management  should  involve  network  characterization,  design,  and  in¬ 
building  engineering  to  supplement  the  wide  area  network  as  necessary  to  insure  handsets  are  directed  to 
transmit  at  RF  power  levels  sufficient  to  minimize  EMI  issues.  The  existence  of  numerous  shielding  and 
reflecting  objects  in  a  healthcare  facility  may  create  areas  with  variations  in  downlink  signal  coverage,  some  of 
which  could  lead  to  significant  intermittent  changes  in  transmit  power  of  the  handsets  causing  them  to  deviate 
from  their  normal  output  power.  Such  areas  should  be  characterized  (by  measuring  existing  signal  strength  with 
the  mobile  wireless  handset  set  to  a  "trace"  mode  -  this  can  often  be  done  by  the  network  service  provider)  and 
managed  appropriately. 
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d)  Medical  device  management  procedures  may  include  identification  through  labelling,  repositioning  or  other 
means  to  reduce  exposure  to  the  wireless  emissions,  or  replacing  particularly  susceptible  devices  with  newer 
model  units.  Because  of  medical  device  regulations,  modifications  to  a  medical  device  should  only  be  made  by 
the  device  manufacturer. 

e)  User  guidelines  can  be  provided  as  an  additional  layer  of  management  directing  healthcare  staff  to  maintain 
a  predetermined  and  practical  separation  distance  between  their  mobile  wireless  handsets  and  potentially 
susceptible  medical  devices  (between  25  cm  and  2  meters). 

f)  The  AAMI  TIR  18  is  recommended  for  additional  details  on  medical  device  management  and  EMC/EMI 
guidelines. 

g)  Testing  of  specific  fixed-infrastructure  components  such  as  local  electrical  circuits  and  circuit  breakers  can 
be  considered  for  testing  if  failure  could  represent  a  significant  hazard,  and  if  testing  can  be  performed  without 
placing  the  facility  at  risk. 

h)  Healthcare  facilities  should  actively  manage  spectrum  usage  (e.g,  maintain  a  list  of  all  controlled-use  RF 
sources  indicating  where  they  are  authorized  to  operate,  as  well  as  the  maximal  number  of  such  units  permitted 
within  each  area  or  zone). 

i)  Wireless  security  issues  (which  are  outside  of  the  scope  of  this  document)  must  be  properly  considered, 
otherwise  patient  safety  may  be  threatened  if  the  informatics  system  becomes  compromised  or  incapacitated 

Non-Controlled  use  within  healthcare  facilities 

For  non-controlled  mobile  wireless  equipment  that  may  be  brought  randomly  into  the  healthcare  facility  by 
visitors,  patients,  or  staff  and  transmit  a  variety  of  different  signals  at  different  output  power  levels: 
a)  Separate  EMC/EMI  management  policies  than  those  listed  for  controlled  mobile  wireless  handsets  should  be 
applied.  While  ad  hoc  testing  and  management  solutions  are  always  encouraged  whenever  possible,  this  may  not 
be  practical  for  every  wireless  system. 

1)  While  certain  mobile  handsets  may  be  able  to  operate  compatibly  throughout  a  healthcare  facility 
environment,  other  mobile  handsets  may  have  greater  potential  to  cause  EMI  events  due  to  local  differences  in 
output  power  or  signal  type.  As  the  number  of  handsets  continues  to  increase  and  new  models  reduce  size, 
internalize  antennas,  and  combine  technologies  (i.e. ;  mobile  phone  /  pager  /  PDA  device  /  local  area  IEEE 
802.11a/b/g  /  personal  area  IEEE  802.15.1  /  UWB  /  IEEE  802.15.4,  etc),  it  is  becoming  increasingly  difficult  to 
differentiate  between  RF  transmitter  types  based  upon  visual  appearance  alone.  Further  confounders  include  the 
growing  number  of  wireless  headsets  and  accessories  that  relocate  the  actual  RF  transmitter  to  a  pocket  or  purse, 
keeping  them  from  obvious  view  even  when  in  use.  An  increasing  number  of  mobile  wireless  handsets  can 
transmit  multiple  signal  types,  including  data  transmission  that  may  use  different  bursting  technologies  (i.e., 
GPRS,  WAP).  Wireless  laptop  cards  and  PDAs  may  operate  on  either  wide  area  (mobile  phone-type)  or  local 
(IEEE  802.11.x  -  type)  networks  with  different  carrier  frequencies,  signal  types,  and  power  output.  Ultimately,  it 
may  be  impossible  to  enforce  any  policy  that  differentiates  between  different  non-controlled  mobile  wireless 
handset  types  with  regard  to  their  use  in  the  healthcare  facility  based  upon  visual  appearance.  For  this  reason,  all 
non-controlled  mobile  wireless  handsets  should  be  treated  with  the  same  management  /  restrictions  regardless  of 
whether  or  not  they  appear  to  be  the  same  as  controlled  handsets. 

2)  Restrictive  policies  might  involve  requesting  that  individuals  not  use  their  personal  mobile  wireless  handsets 
in  areas  of  the  facility  where  potentially  susceptible  medical  devices  are  used.  This  should  involve  requesting  by 
appropriate  signage  or  some  other  reliable  mechanism  that  non-controlled  mobile  wireless  equipment  is  turned 
off  before  entering  areas  where  potentially  susceptible  life-supporting  medical  devices  are  commonly  operating, 
as  even  well-intentioned  individuals  may  feel  compelled  to  receive  and  respond  to  incoming  calls  or  messages. 

3)  Implementation  and  enforcement  of  restrictive  policies  should  be  facilitated  by  signs,  especially  in  areas 
where  potentially  susceptible  medical  devices  are  commonly  located,  to  make  patients  and  visitors  aware  of  the 
existing  healthcare  facility  policy.  Compliance  with  existing  policy  can  be  facilitated  by  defining  numerous  areas 
with  easy  access  where  the  use  of  wireless  handsets  by  patients,  visitors,  and  staff  is  unlikely  to  interfere  with 
medical  devices. 
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4)  Any  restrictive  policy  should  be  balanced  between  an  informed  assessment  of  EMI  risk  and  the  increasing 
need  among  patients,  visitors,  and  healthcare  facility  staff  for  mobile  wireless  communication  and  computing.  In 
the  extreme,  healthcare  facilities  could  ban  the  use  of  all  non-controlled  mobile  wireless  handsets  altogether, 
although  such  measures  are  likely  to  be  excessive  from  an  EMI  management  perspective  (58)  and  not  responsive 
to  the  growing  needs  of  individuals  for  direct  access  to  mobile  wireless  communication,  especially  in  times  of 
emergency  and  crisis. 

b)  While  instructing  patients  and  visitors  to  maintain  a  minimum  separation  distance  between  their  personal 
mobile  wireless  handsets  and  medical  devices  might  theoretically  act  as  a  safeguard  against  EMI  events,  such  a 
recommendation  may  be  impractical  in  many  facility  areas,  and  further  be  exceedingly  difficult  to  monitor  and 
enforce.  Such  minimum  separation  requirements  are  not  recommended  as  a  primary  management  strategy. 
However,  the  minimum  separation  distances  determined  from  ad  hoc  testing  can  be  used  as  an  added  layer  of 
management  in  areas  where  potentially  susceptible  life-supporting  medical  devices  are  commonly  operating. 

RF  emissions  from  network  sources 

a)  RF  emissions  from  in-building  system  network  antennas  (WAN  microcells  or  repeaters,  LAN  access  points) 
are  most  appropriately  managed  by  locating  them  in  a  place  where  separation  distance  mitigates  medical  device 
EMI  effects,  such  as  the  roof  of  corridors  and  rooms. 

b)  RF  emissions  from  base  station  sites  physically  located  on  healthcare  facility  roof-top  or  building  structures 
should  conform  to  existing  national  radio  regulations  to  limit  emissions  directly  into  the  supporting  building 
structure. 

Medical  devices  within  healthcare  facilities 

a)  Although  outside  the  current  scope  of  this  recommendation,  the  placement  and  operation  of  RF-emitting 
medical  devices  within  the  healthcare  environment  is  an  area  that  should  be  carefully  considered.  There  are 
many  types  of  medical  devices  that  generate  and  use  electromagnetic  energy  for  their  medical  function.  For 
example.  Electric  scalpels  (e.g.  high  frequency  electrosurgical  equipment)  often  generate  RF  and  microwave 
fields  for  cauterization  purposes,  physio-diathermy  units  may  emit  915,  433,  2450  MHz  or  other  frequencies  for 
deep  tissue  heating  (36),  and  ultrasound  machines  may  radiate  up  to  their  operating  frequency  of  ~  3  -  20  MHz. 
The  healthcare  facility  should  exercise  caution  in  where  and  how  these  types  of  emitters  are  used  in  the  vicinity 
of  other  potentially  susceptible  medical  devices. 

b)  Electromagnetic  type  security  and  inventory  systems  such  as  metal  detectors,  anti-systems,  and  RFID  emit 
signals  that  may  disrupt  potentially  susceptible  medical  devices.  The  policies  and  practices  of  the  healthcare 
facility  should  address  this  equipment.  For  example,  RFID  tags  used  in  the  healthcare  environment  may  be 
passive  emitters,  activated  by  inductive  processes  when  brought  into  proximity  of  RFID  readers.  However,  the 
readers  may  emit  high  field  strength  magnetic  fields  and  should  be  included  as  a  transmitter  in  ad  hoc  testing  and 
in  EMC/EMI  management  policies.  The  recently  published  ASTM  F  2401-04  “Standard  Procedures  for  Security 
Checkpoint  Metal  Detector  Screening  of  Persons  with  Medical  Devices”  provides  useful  information  [57] 

c)  For  medical  devices  used  outside  the  healthcare  facility  in  a  domiciliary  setting,  such  as  dialysis  equipment, 
blood  glucose  analyser,  infusion  pumps,  etc,  instruction  should  be  provided  to  patients  advising  them  to  maintain 
at  least  1  meter  of  separation  distance  between  the  medical  device  and  mobile  wireless  equipment  while  it  is  in 
operation. 
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Abstract 


In  the  current  work,  we  study  the  EMC  problem  that  involves  the  usage  of  an  electroencefalographer  in 
an  environment  with  electromagnetic  radiation  produced  by  a  WiFi  access  point. 

The  experimental  setup  was  situated  in  an  anechoic  chamber  so  that  no  electromagnetic  interference 
would  affect  the  measurements.  The  amplifier  room,  outside  the  anechoic  room,  situated  the  other  part  of  the 
experimental  apparatus.  32  electrodes  entered  a  low-pass  filter  placed  at  the  boundary  wall  of  the  Faraday  screen 
room.  The  signal  was  amplified,  before  entering  a  32-bit  analog  to  digital  converter.  The  recording  frequency 
was  at  1  kHz. 

The  wireless  access  point  operated  at  the  typical  frequency  band  of  2.4  -  2.4835  GHz  and  the  maximum 
EIRP  allowed  in  Europe  that  is  lOOmW.  The  distance  of  the  access  point  to  the  electroencephalographer  was 
10cm.  Two  sets  of  measurements  were  performed.  One  with  measuring  the  noise  of  the  system  and  the  other 
with  the  WiFi  transmitter  switched  on. 

The  results  showed  that  there  was  no  interference  of  the  WiFi  Access  point  to  the  measured  signals. 
This  is  of  great  importance  because  of  the  great  expansion  of  wireless  technology. 
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Introduction 


Since  the  early  1990s,  reports  of  medical  device  failure  from  electromagnetic  interference  have 
increased  [1,  2],  This  is  due  to  several  factors.  The  number  of  electronically  controlled  medical  devices  has 
burgeoned  in  hospitals  and  other  medical  facilities.  The  modern  instillments  are  often  more  sensitive  to 
electromagnetic  interference  (EMI)  because  they  incorporate  low  power  integrated  electronic  circuitry  that  can 
be  much  more  sensitive  to  electromagnetic  fields  than  their  electrical  and  electromechanical  predecessors. 
Digital  wireless  communications  systems  often  utilize  pulsed  amplitude  modulation,  a  type  of  modulation  that 
can  enhance  the  potential  for  EMI. 

The  European  Union  has  gotten  much  of  attention  with  regard  to  the  regulation  of  electromagnetic 
compatibility  (EMC)  and  medical  electronics.  Today,  most  medical  EMC  regulations  originate  within  the 
International  Electro  technical  Commission  (IEC).  The  standard  EN60601-1-2  [5]  defines  limits  for  emissions 
and  levels  of  immunity  and  was  updated  to  encompass  the  frequencies  used  by  mobile  phones  and  other 
communication  technologies  such  as  wireless  local  area  networks  (WLAN).  The  IEC  standard  states  that 
electronic  medical  equipment  must  operate  normally  in  electric  field  intensity  of  3  V/m  and  at  a  10  V/m 
threshold  for  life  -  sustaining  equipment. 

The  Electroencephalograph  (EEG)  is  a  recording  equipment  of  brain  signals  with  typical  voltage  of  100 
|iV  and  frequency  range  (EEG  bands)  0.5  Hz  up  to  several  hundreds  Hz.  The  EEG  is  connected  directly  to  the 
patient  in  order  to  detect  these  small  physiological  signals  which  are  then  amplified.  The  EEG  is  known  to  be 
very  sensitive  to  EMI  due  to  the  fact  that  the  pulsed  RF  signals  maybe  demodulated  by  non-linear  elements  in 
amplifier  circuits.  [Robinson  2003].  Morrisey  et  al.  reported  distortion  of  EEG  bands  throughout  the  0-70  Hz 
range  during  full  power  exposure  to  CDMA  and  GSM  signals  for  both  frequencies  of  1.800  and  1900  MHz  at 
distances  of  between  0.25  to  0.5  m.[Morrisey  2002]. 

Wireless  Local  Area  Networks  (WLANs)  in  a  hospital  typically  consist  of  multiple  antenna  sites 
(known  as  base  stations)  interspersed  throughout  the  hospital  building  that  connect  to  a  central  “hub”  or  “router” 
unit.  This  latter  unit  connects  the  WLAN  with  the  wired  hospital  network.  WLANs  transmit  and  receive  signals 
with  various  handheld  devices  (or  laptop  computers,  etc)  as  these  devices  roam  throughout  the  coverage  net 
work  in  the  building.  WLANs  typically  use  the  802.11  standards  that  operate  on  frequencies  around  2.45  GHz 
and  5.8  GHz.  The  handheld  devices  are  not  power  controlled,  but  transmit  at  a  very  low  constant  power  (on  the 
order  of  1-10  milliwatts)  as  they  are  designed  to  never  be  very  far  away  from  the  nearest  network  node.  As  a 
consequence,  the  likelihood  of  electromagnetic  interference  of  W  LANs  with  critical  and  life  support  medical 
equipment  is  very  small,  since  they  transmit  at  power  levels  t  hat  are  well  below  the  IEC  recommended  levels. 
The  WLAN  base  stations  transmit  at  a  higher  power  level  (typically  around  500  mW),  which  increases  the 
chances  for  electromagnetic  interference.  Research  by  [13]  revealed  that  peak  values  of  such  base  stations  often 
exceed  the  critical  lOV/m  field  strength  value. 

Taking  into  account  the  above  considerations,  in  our  current  work,  we  study  the  EMC  status  that 
involves  the  usage  of  an  electroencefalograph  in  an  environment  infested  with  electromagnetic  radiation 
produced  by  a  WiFi  Access  Point.  The  purpose  is  to  observe  the  effects  of  the  WiFi  signal  on  the  EEG  signal. 


Materials  and  Methods 


The  experimental  setup  (Fig  1)  was  situated  in  a  Faraday  chamber  so  that  no  electromagnetic 
interference  would  affect  the  measurements.  A  head  phantom  was  placed  in  the  chamber  and  the  signals  were 
recorded  from  thirty  two  electrodes  (Fpl,  Fp2,  Fpz,  AFz,  F2,  F3,  F4,  F7,  F8,  FC1,  FC2,  FC5,  FC6,  C2,  C3,  C4, 
Al,  A2,  CPI,  CP2,  CP5,  CP6,  P3,  P4,  Pz,  T3,  T4,  T5,  T6,  Ol,  02, Oz)  with  a  surface  of  Ag/ AgCl,  which  were 
placed  on  the  scalp  of  the  model-head.  The  electrodes  were  positioned  according  to  the  International  10-20 
system  of  electroencephalography  [8].  The  measured  magnitude  was  the  voltage  at  the  edges  of  a  2  kO  resistance 
placed  between  each  electrode  and  a  common  ground.  The  total  electrode  impedances  were  below  5  kO.  The 
amplifier  room,  outside  the  Faraday  room,  situated  the  other  part  of  the  experimental  apparatus.  The  electrodes 
entered  a  low-pass  filter  placed  at  the  boundary  wall  of  the  Faraday  screen  room.  The  filter  cut  frequencies  over 
35  Hz  so  that  the  signal  of  the  power  supply  network  which  is  at  50  Hz  would  not  interfere  with  the  signal.  The 
signal  was  amplified  by  a  Braintronics  DIFF/ISO-1032  amplifier,  before  entering  a  32-  bit  analogue  to  digital 
converter  (NI  SCB-68)  which  has  a  GPIB  output.  The  digitized  signal  comprises  an  input  for  a  Data  Acquisition 
Card  (32  bit  NI  6035E  DAQ  Card).  The  PC  with  the  DAQ  Card  ran  a  LabView  program  for  the  recording  of  the 
signals,  which  can  be  monitored  by  an  on-screen  graphical  representation.  The  recording  frequency  was  at  1 
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kHz.  Another  PC,  connected  with  the  one  described  above,  ran  a  program  which  triggered  the  other  PC  to  save 
the  brain  signals  whenever  the  user  wanted  .The  recording  time  was  1.5  sec  so  the  saved  signal  consisted  of  1500 
values.  The  total  task  consisted  of  55  repetitions. 

The  WiFi  Access  Point  was  placed  in  the  Faraday  room  and  made  a  link  with  a  laptop  that  was  inside 
the  room.  The  WiFi  signal  was  radiated  by  a  dual  dipole  antenna,,  with  20dBm  power  and  QPSK  modulation. 
The  Access  Point  was  placed  at  a  distance  of  lm  from  the  head. 


Figurel.  Experimental  Setup 


The  experimental  procedure  was  done  twice.  The  first  time  the  WiFi  Access  Point  was  off  and 
practically  the  noise  of  the  device  was  measured  and  the  second  time  the  WiFi  was  functioning. 

Regarding  the  collected  data  analysis,  in  order  to  optimize  the  signal  to  noise  ratio  (SNR)  the  grand 
average  across  the  55  repetitions  for  each  channel  was  calculated  according  to  the  following  equation: 


V,  = 


Where  Vjt  is  the  value  that  results  after  the  subtraction  of  the  amplification  and  the  average  referencing 
and  corresponds  at  the  time  t  of  the  trial  j.  This  SNR  optimization  procedure  is  considered  a  standard  practice 
when  it  comes  to  brain  signal  measurements,  which  are  generally  considered  to  be  quite  noisy.  (Roth  et  al.,  1995, 
pp. 805-910) 

The  final  data  for  analysis  for  each  EMF  condition  consisted  of  1500  amplitude  values  for  each 
electrode,  expressed  in  LiVolts  corresponding  to  the  1500  msec  of  the  time  period  as  described  above. 

For  each  electrode,  the  following  magnitudes  were  also  calculated: 

•  the  energy  E  of  the  recorded  signals  (E=Vt2) 

•  the  amplitude  in  the  frequency  domain  by  using  the  Fourier  Transform  (FFT). 


Data  analysis 

The  differences  between  the  values  of  the  energy  at  the  two  EMF  conditions  were  calculated  for  each  of 
the  thirty  two  leads.  The  data  were  also  compared  to  real  EEG  recordings  at  certain  representative  electrodes. 
The  mean  values  and  the  standard  deviations  of  the  final  data  were  calculated  for  each  group  (WiFi  Off,  WiFi 
On,  EEG)  at  these  electrodes. 
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Results 


The  data  analysis  revealed  that  the  maximum  difference  between  the  values  of  the  signal  energies  for 
each  EMF  was  0.7  Joules  with  the  exception  of  T5  electrode,  which  is  a  small  value  if  compared  with  the  energy 
values.  Figure  1  is  quite  helpful  in  explaining  this  fact.  The  white  bars  denote  the  calculated  energy  in  the 
absence  of  the  WiFi  signal  while  the  black  bars  denote  the  signal  energy  in  the  presence  of  the  WiFi  signal. 


Electrode 


Figure  2.  Averaged  Energy  at  each  electrode  and  each  radiation  condition.  .  The  white  bars  denote  the 
calculated  energy  in  the  absence  of  the  WiFi  signal  while  the  black  bars  denote  the  signal  energy  in  the  presence 
of  the  WiFi  signal. 


Table  1  shows  the  mean  values  and  the  standard  deviations  at  some  representative  electrodes,  of  the  three  groups 
of  data  at  different  conditions:  absence  of  WiFi  Signal,  presence  of  the  WiFi  signal  and  EEG  recordings.  It  is 
notable  that  the  mean  values  and  the  standard  deviations  for  the  first  two  cases  (WiFi  Off,  WiFi  On)  are  very 
similar.  The  comparison  of  these  values  to  the  respective  values  of  the  data  that  come  from  human  measurements 
reveals  great  variation. 
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Mean  Values 

SD 

Electrode 

WiFi  Off 
(Noise) 

WiFi  On 

Human 

WiFi  Off 
(Noise) 

WiFi 

Human 

F4 

-0.59 

-0.59 

-0.27 

0.08 

0.10 

2.58 

Fz 

-0.62 

-0.64 

-1.37 

0.09 

0.11 

2.91 

Fp2 

1.33 

1.30 

-1.61 

0.11 

0.11 

3.14 

Fpl 

-0.86 

-0.86 

-1.37 

0.09 

0.12 

3.45 

P3 

0.25 

0.28 

2.65 

0.08 

0.10 

3.01 

F3 

0.48 

0.48 

-0.52 

0.09 

0.09 

2.74 

P4 

-0.06 

-0.12 

2.33 

0.12 

0.11 

2.89 

C4 

-1.40 

-1.36 

0.95 

0.14 

0.12 

3.00 

02 

-0.74 

-0.73 

2.97 

0.09 

0.45 

2.89 

Ol 

-0.48 

-0.46 

1.52 

0.09 

0.11 

2.05 

Pz 

0.54 

0.58 

2.87 

0.12 

0.12 

3.54 

C3 

-0.63 

-0.52 

2.02 

0.14 

0.14 

3.35 

Tablel.  Mean  values  and  standard  deviations  for  three  conditions  (WiFi  Off,  WiFi  On,  EEG)  at  a 
number  of  electrodes 


Figure  3  is  a  representative  diagram  of  the  grand  averaged  amplitudes  during  a  recording  period  for  the 
three  experimental  conditions  at  the  electrode  Ol.  The  diagram  helps  in  realising  the  considerable  variation  of 
the  EEG  data  . 
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Figure  3.  Grand  averaged  amplitudes  for  the  three  experimental  conditions  at  the  electrode  Ol 
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Discussion 

From  the  data  analysis  and  the  results  which  aroused,  there  is  no  evidence  that  a  WiFi  signal  at  a 
distance  of  lm  from  EEG  electrodes  causes  interference  at  the  EEG  recordings.  WiFi  is  a  low  power  protocol 
that  has  flexible  power  settings  and  can  be  deployed  in  various  conditions  in  order  to  ensure  that  all  radiation  is 
well  within  the  limits  set  even  by  the  most  strict  hospital  authority.  Other  tests  [14]  indicate  that  not  only  WiFi 
shows  no  interference  to  medical  equipment  but  has  the  edge  when  compared  to  other  wireless  technologies. 
Wireless  communication  is  a  promising  opportunity  for  future  medical  systems  in  the  hospital.  Today’s  wireless 
standards  with  moderate  output  power  represents  no  real  danger  for  the  operation  of  medical  equipment  [14]  and 
seems  to  be  suitable  for  medical  environment  even  with  several  wireless  devices  used  simultaneously.  The  various 
applications  that  hospitals  can  create  through  the  use  of  WiFi  in  a  quick  and  cost  effective  fashion  have  been  the 
subject  of  many  a  discussions,  wireless  patient  monitoring  in  steady  state  [15]  or  in  IC  units  or  in  OR  units  [14,16]  is 
an  application  of  great  importance  that  will  greatly  improve  the  working  conditions  of  the  staff  but  moreover  it  will 
make  the  care  of  patients  more  efficient.  Even  though  the  results  indicate  that  there  is  more  tests  are  no  interference 
between  EEG  and  WiFi  we  need  to  investigate  further  in  order  to  verify  the  suitability  and  assure  the  reliability  of 
WiFi  communication  in  medical  equipment  of  any  sort. 
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ABSTRACT 

The  present  study  was  performed  to  evaluate  effects  of  a  2-year  exposure  to  an  electromagnetic  near-field 
(EMF)  equivalent  to  that  generated  by  cellular  phones  on  tumor  development  in  the  central  nervous  system 
(CNS)  of  rats  which  were  born  from  ENU-treated  F344  mother  rats.  A  total  of  500  pups  were  divided  into  5 
groups,  each  composed  of  50  males  and  50  females.  A  1.95  GHz  W-CDMA  signal  for  IMT-2000,  was  used  for 
the  exposure  of  the  rat  head  starting  from  5  weeks  of  age,  90  min  a  day,  5  days  a  week,  for  104  weeks.  Brain 
average  specific  absorption  rate  (SAR)  was  designed  to  be  0.67  and  2.0  W/kg  for  low  and  high  exposures, 
respectively.  Whole-body  average  SAR  was  less  than  0.4  W/kg.  The  incidence  and  number  of  brain  tumors  in 
female  rats  exposed  to  1.95  GHz  EMF  had  a  tendency  to  be  increased  but  there  was  no  statistical  significance. 
Overall,  no  increase  in  their  incidences  or  numbers  per  group,  either  in  the  males  or  females,  was  detected  in  the 
EMF-exposed  groups.  Thus,  under  the  present  experimental  conditions,  1.95  GHz  W-CDMA  signal  for  IMT- 
2000  exposure  to  the  heads  of  rats  for  a  2-year  period  did  not  accelerate  or  affect  ENU-initiated  brain 
tumorigenesis. 


INTRODUCTION 

Since  there  is  serious  concern  that  exposure  to  an  electromagnetic  field  (EMF)  due  to  cellular  phones 
is  associated  with  an  increase  risk  of  disease  such  as  brain  dysfunction  and/or  brain  tumor  development,  many 
epidemiological  and  experimental  research  studies  to  explore  this  possibility.  However,  none  of  epidemiological 
studies  revealed  a  clear  association  between  exposure  to  EMF  and  development  of  brain  tumors.  Furthermore, 
none-of  5  long-term  (2-year  period)  animal  experiments  which  had  been  performed  demonstrated  the  presence 
of  association  of  exposure  to  time-division  multiple  access  (TDMA)  or  frequency-modulated  signals  with  tumor 
development  in  the  central  nervous  system  of  rats.  Recently  we  also  conducted  a  2-year  EMF  exposure 
experiment  in  an  ENU-exposed  rat  model  with  a  1.439-GHz  TDMA  signal  for  the  Personal  Digital  Cellular 
(PDC),  Japanese  standard  cellular  system  at  brain  average  specific  absorption  rates  (SARs)  of  0.67  and  2.0 
W/kg  for  low  and  high  exposures.  The  results  disclosed  no  inter-group  differences  in  body  weights,  food 
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consumption,  or  survival  rates  and  no  increase  in  the  brain  and  spinal  tumor  incidences  or  numbers  per  group, 
either  in  males  or  females  of  the  EMF-exposed  groups  [Shirai,  et  al.  2005]. 

Recently  the  International  Telecommunication  Union  (ITU)  has  introduced  the  new  mobile 
telecommunication  system,  i.e.,  International  Mobile  Telecommunication  2000  (IMT-2000)  which  has  also  been 
named  the  3rd  generation  (3G).  The  wide -band  code  division  multiple  access  (W-CDMA)  is  also  termed  the 
Universal  Mobile  Telecommunication  System  (UMTS)  in  the  EU.  The  first  IMT-2000  service  was  started  in 
Japan  in  2001.  This  service,  the  freedom  of  mobile  multimedia  access  (FOMA)  by  NTT  DoCoMo,  uses  W- 
CDMA  signals  and  the  1.95  GHz  region  for  up-links  and  the  2.14  GHz  region  for  down  links.  The  number  of 
subscribers  to  the  W-CDMA  system  in  Japan  was  about  28  million  in  April  2006  while  that  to  the  TDMA 
systems  was  about  4 1  million.  Because  the  number  of  W-CDMA  users  is  rapidly  increasing,  this  type  of  signal 
will  probably  become  the  most  major  digital  signal  for  the  Japanese  general  public  in  near  future. 

Therefore,  the  present  study  was  designed  as  a  first  long-term  investigation  of  effects  of  chronic 
exposure  to  1.95-GHz  W-CDMA  signals  for  MIT-2000  cellular  system  on  development  of  ENU-induced  CNS 
tumors  in  F344  rats.  It  was  conducted  in  compliance  with  the  Good  Laboratory  Practice  (GLP)  Standards  of  the 
Japanese  Ministry  of  Health  and  Welfare  Ordinance  No,  21.  This  is  the  first  experimental  result  on  a  long-term 
effects  of  MIT-2000  cellular  system  on  development  of  central  nervous  system  tumors. 


MATERIALS  AND  METHODS 

A  total  of  100  pregnant  F344  rats  were  purchased  from  Charles  River  Japan  (Atsugi,  Kanagawa 
Japan)  and  given  a  single  intravenous  administration  of  ENU  on  gestational  day  18.  ENU  (Nacalai  Tesque 
Tokyo,  Japan)  was  dissolved  in  physiological  saline  for  this  purpose  and  injected  into  the  tail  vein  at  a  dose  of  4 
mg/ml/kg  body  weight.  ENU-exposed  pups  of  both  sexes  were  allocated  to  4  groups,  each  composed  of  50 
females  and  50  males.  Pups  (50  males  and  50  females)  from  mothers  that  received  the  vehicle  instead  of  ENU 
served  as  complete  controls.  Dummy  animals  were  used  to  cover  any  vacancy  in  EMF  exposure  boxes  due  to 
interim  death  to  maintain  the  exposure  conditions  unchanged.  All  animals  were  allowed  free  access  to  pelleted 
diet  and  drinking  water. 

The  rats  in  Groups  1  to  5  were  exposed  to  EMF;  Group  1  was  a  complete  control  without  any 
treatment.  Group  2  received  ENU  alone  and  was  kept  in  cages  throughout  the  experiment.  Group  3  was  given 
ENU  set  in  exposure  boxes  in  the  same  manner  as  in  Groups  4  and  5  but  with  no  actual  exposure  to  EMF  (sham 
exposure  group).  Groups  4  and  5,  given  ENU,  then  were  exposed  to  EMF  at  low  (SAR:  0.67  W/kg)  and  high 
(SAR:  2.0  W/kg)  levels,  respectively. 

The  exposure  box  was  90  x  90  x  60  cm.  Ten  rats  fixed  individually  in  plastic  tubes  were  set  on  disk¬ 
shaped  plates  like  a  carousel  with  the  nose  pointing  to  the  center.  Each  plate  was  65  cm  in  diameter,  with 
adjustable  height  supported  by  a  center  hollow  cylinder  pole.  A  resonant  monopole  antenna  for  1.95  GHz  was 
set  from  the  ceiling  of  the  exposure  box  in  order  to  fit  in  the  center  of  the  disk-shaped  plate.  The  distance 
between  the  antenna  and  each  rat  nose  was  set  at  30  mm. 

A  1.95-GHz  W-CDMA  signal  from  Cellular  Phones  for  MIT-2000  Cellular  system  was  applied.  Long¬ 
term  intermittent  exposure  to  the  heads  of  the  rats  (90  min  a  day,  5  days  a  week,  Monday  through  Friday)  was 
started  at  5  weeks  of  age  and  continued  for  104  weeks.  All  exposures  including  sham  exposure  were  controlled 
with  the  assistance  of  a  computer  system.  If  the  number  of  rats  became  less  than  10  in  an  exposure  box  due  to 
loss  through  mortality,  dummy  rats  were  used  to  maintain  the  symmetrical  arrangement  of  animals  and  the 
scheduled  specific  absorption  rate  (SAR)  of  EMF  exposure. 

SAR  distributions  in  rats  were  evaluated  by  numerical  dosimetry  with  the  Finite  Difference  Time  Domain 
method  (FDTD).  Brain  average  SAR  was  set  at  levels,  0.67  and  2.0  W/kg,  respectively.  Whole-body  average 
SAR  averaged  over  the  2-year  experimental  period  was  limited  within  lower  level  which  cannot  cause  any 
thermal  effects;  the  highest  whole-body  averaged  SAR  was  0.464  W/kg  which  is  much  lower  than  4  W/kg,  the 
threshold  for  thermal  effects. 

All  surviving  animals  after  the  104  week-exposure  to  EMF  were  killed  under  light  anesthesia  with 
ethyl  ether  and  aorta  blood  was  collected  from  all  rats  for  hematology  analysis,  before  a  complete  autopsy  was 
performed.  Organ  weights  were  measured  for  the  brain,  heart,  liver,  kidney,  spleen,  pituitary  gland,  adrenal 
glands,  testes  and  ovaries.  All  organs  including  the  CNS  and  macroscopically  observable  lesions  were  fixed  in 
10%  buffered  formalin  routinely  processed  for  embedding  in  paraffin  and  sections  (4  m  thickness)  were 
stained  with  H  &  E  for  histological  examination.  Rats  that  died  or  became  moribund  during  the  experiment  were 
also  autopsied. 

RESULTS 

There  were  no  significant  differences  in  growth  rates  between  rats  receiving  maternal  ENU  and 
untreated  controls  (Group  1 )  in  either  males  or  females.  Restraint  of  rats  in  the  plastic  holders  in  the  exposure 
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boxes  itself  suppressed  growth,  particularly  in  the  males,  but  this  suppression  was  not  exacerbated  by  actual 
EMF  exposure.  No  significant  inter-group  differences  in  survival  rates  were  observed  in  either  sex.  No  clear 
increase  in  death  rates  with  EMF  exposure  was  observed  in  males  or  females.  There  were  no  significant 
differences  in  food  consumption  among  groups  throughout  the  experiment  in  either  the  females  or  the  males. 
There  were  no  inter-group  differences  in  the  relative  organ  weights  of  the  brain,  heart,  liver,  kidney,  spleen 
pituitary  gland,  adrenal  glands  and  testes  or  ovaries. 

In  this  study,  one  CNS  tumor  was  also  observed  in  a  female  not  receiving  ENU.  The  lesions  were 
astrocytomas,  oligodendrogliomas,  mixed  gliomas,  ependymomas,  meningiomas,  granular  cell  tumors  and 
malignant  reticulosis.  The  major  type  was  the  astrocytoma.  The  incidences  of  brain  tumors  in  the  females 
ranged  from  2  to  22%  and  the  numbers  of  rats  ranged  from  1  to  11.  The  incidences  and  numbers  of  brain  tumors 
were  very  similar  in  males  and  females.  While  values  in  female  rats  exposed  to  1.95-GHz  W-CDMA  signals  for 
IMT-2000  had  a  tendency  to  be  increased,  this  was  no  statistical  significant.  Spinal  cord  tumors  were 
sporadically  found  in  the  males  but  not  the  females.  There  were  no  statistically  significant  differences  in  CNS 
tumors  in  males  among  the  groups  given  ENU.  Thus,  the  data  for  both  sexes  indicate  that  EMF  does  not 
accelerate  ENU-initiated  CNS  tumor  development. 

Besides  CNS  tumors,  sporadic  tumors  were  noted  in  other  organs/tissues.  Among  these  tumors,  skin 
fibromas  and  large  granular  lymphocytic  leukemia  were  less  frequent  in  the  EMF  exposed  males  and  there  was 
a  statistical  significance  between  sham  exposed  and  the  high  dose  EMF  group  at  p<0.05. 

DISCUSSION 

In  the  literature,  there  are  conflicting  epidemiological  data  regarding  the  risk  of  EMF  exposure  for 
brain  tumor  development;  some  demonstrating  very  small  association  between  workers  in  electrical  industry 
and  in  the  US  Air  Force  population  and  brain  tumors.  However,  there  are  five  recent  epidemiological  studies 
that  did  not  demonstrate  any  association  between  cellular  telephone  use  and  brain  tumor  risk. 

With  such  conflicting  epidemiological  data,  long-term  animal  experiments  are  essential  for  scientific 
evaluation  of  the  risk  of  EMF  with  reference  to  brain  tumor  development.  Four  animal  studies  specifically 
targeting  this  question  had  already  been  performed  prior  to  the  present  work.  Neither  2-year  animal  bioassays 
with  digital  nor  frequency-modulated  signals  found  any  detrimental  effects  of  EMF  exposure  after  intrauterine 
administration  of  ENU.  A  similar  experiment  with  Sprague-Dawley  rats  carried  out  by  others  resulted  in  no 
initiation  or  promotion  of  brain  tumors  by  any  of  the  RF  fields  tested.  Our  group  also  previously  conducted  a 
long-term  exposure  animal  experiment  with  intrauterine  treatment  with  ENU  for  brain  tumor  initiation  and  we 
concluded  that  exposure  to  1.439-GHz  TDMA  signal  for  1.5  h/day,  5  days  for  2-year  period,  did  not  accelerate 
ENU-initiated  CNS  tumor  development  in  rats. 

The  present  experimental  design  with  1 .95GHz  W-CDMA  signals  for  IMT-2000  cellular  system  was 
also  planned  by  the  Committee  of  the  Study  on  Human  Exposure  to  EMF  in  Japan  established  in  1997  with  the 
aim  of  scientifically  clarifying  any  effects  of  radio  waves  from  mobile  telephone  terminals  on  the  human  body. 
The  whole  body  average  SAR  was  limited  as  far  as  possible  in  order  to  avoid  significant  thermal  stress  and  was 
less  than  0.464  W/Kg.  In  the  present  experiment,  there  were  no  statistically  significant  inter-group  differences  in 
the  incidences  of  CNS  tumors  in  either  males  or  females  initiated  with  ENU  although  there  was  a  tendency  of 
slight  increase  in  brain  tumor  development  in  the  females  exposed  to  EMF.  No  increase  in  spinal  tumor 
development  by  EMF  exposure  was  observed  in  either  sex.  Furthermore,  development  of  tumors  in  organs  other 
than  CNS  was  not  enhanced.  Thus,  it  can  be  stated  that  the  present  data  demonstrate  that  1.95-GHz  W-CDMA 
signals  for  IMT-2000  Japanese  cellular  system  at  a  brain  average  SAR  of  0.67  or  2.0W/kg  for  2  years  do  not 
possess  promotion  potential  for  ENU-initiated  CNS  tumor  development  in  either  sex  of  F344  rats.  In  our 
previous  study  with  1.439  GHz  TDMA  signal,  the  incidences  of  pituitary  tumor  in  both  sexes  received  ENU 
showed  a  tendency  for  increase,  but  were  clearly  suppressed  by  2.0  W/kg  EMF,  with  statistical  significance  in 
males.  However,  such  increase  by  ENU  and  suppression  by  EMF  were  not  evident  in  the  present  study.  Since 
the  increase  of  pituitary  tumor  development  in  EMU-treated  animals  was  concluded  to  be  within  the  wide  range 
of  background  data,  the  present  data  for  pituitary  tumor  incidence  seem  reasonable. 

In  conclusion,  the  present  large  scale  2-year  exposure  experiment  to  1.95GHz  W-CDMA  signals  for 
IMT-2000  cellular  system  demonstrated  that  EMF  at  brain  average  SAR  of  0.67  or  2.0W/kg  does  not  promote 
ENU-induced  rat  brain  carcinogenesis,  providing  additional  evidence  in  support  of  no  association  between  EMF 
and  brain  tumor  risk  in  man. 
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Abstract 

Changes  in  membrane  order  are  known  to  alter  the  function  of  integral  proteins.  Consequently,  microwave 
induced  changes  of  membrane  lipid  order  may  have  physiological  implications.  The  detailed  biophysical 
mechanisms  for  these  effects  are  not  currently  available  and  experiments  on  in  vitro  models  are  expected  to  offer 
the  keys  to  understanding  the  nature  of  microwaves  non-thermal  and  windowed  effects. 

We  studied  the  changes  in  membrane  fluidity  (fluorescence  depolarization)  and  generalized  polarization  of 
human  platelets  extracted  from  freshly  donated  blood,  induced  by  irradiation  with  2.45  GHz  microwaves,  CW  at 
24  mW  incident  power,  SAR  10  W/kg.  The  experimental  arrangement  consisted  mainly  in  a  2.45  GHz  generator 
of  adjustable  output  power  in  the  range  of  0  -  30  mW  and  a  modified  conventional  coaxial  probe  used  for  two 
functions:  as  impedance  matching  device  and  as  microwave  (MW)  irradiating  antenna.  Irradiation  of  samples 
during  fluorescence  anisotropy  and  generalized  polarization  records  was  made  by  introducing  the  antenna  into 
the  fluorometric  cuvette.  Changes  of  the  same  membrane  parameters  of  a  liposome  suspension  irradiated  by 
microwaves  was  performed  in  order  to  have  as  reference  a  simple  lipid  bilayer,  consisting  of  a  single  type  of 
lipids. 

Studies  of  membrane  phase-transition  temperature  and  other  physical  and  chemical  parameters  lead  to  the 
conclusion  that  the  liposome  and  platelet  membranes,  whose  isothermal  electric  susceptibility  is  dramatically 
increased  around  phase-transition  temperature,  undergo  order  changes  by  interacting  with  oscillating 
electromagnetic  field;  these  are  reflected  in  the  observed  shift  of  the  phase  transition  temperature  of  the 
microwave  exposed  liposomes  comparatively  to  the  sham  exposed  samples  as  well  as  in  the  higher  values  of 
generalized  polarization  (GP)  of  the  cell/liposome  membrane. 

Membrane  dipolar  components  such  as  polar  amino  acid  side  chains  and  cell  membrane  associated  bound  water 
which  undergo  orientation  resulting  in  rotational  motions  with  an  associated  time  constant  similar  to  the  wave 
number  of  the  impressed  oscillating  electromagnetic  field,  are  the  most  probable  targets  which  trigger  the 
observed  membrane  order  changes. 

Introduction 

Decades  of  experimental  and  theoretical  research  stay  behind  the  attempts  to  reveal  and  account  for  the  observed 
biological  effects  of  RF  and  microwaves.  Despite  the  investment  of  creativity,  funds  and  hard  work,  few  sound 
statements  and  facts  concerning  the  specific  interaction  of  microwaves  with  living  structures/cells  are  available. 

In  our  work,  we  choose  simple  phenomena  and  biological  models  in  the  attempt  to  dissociate  the  specific 
microwave  interaction  with  the  substrate  from  the  non-specific  thermal  effect;  the  assumption  is  that  while  a 
great  part  of  incident  microwaves  energy  is  dissipated  as  heat,  the  other  part  is  absorbed  resonantly  by  specific 
structures  accounting  for  non-thermal  “biological  effects”. 

Two  phenomena  were  chosen  to  analyse  the  specific  interaction  mechanisms. 

1/The  changes  of  lipid  packing  in  membrane  bilayer  potentially  induced  by  microwaves  and  formally  reflected 
in  a  fluorescent  marker  mobility  and  in  critical  events  accompanying  the  phase  transition  of  the  lipid  bilayer. 
These  changes  would  shift  the  temperature  dependence  curves  and  phase  transition  temperature  in  irradiated 
versus  control  samples  as  shown  by  fluorescence  depolarization  recordings. 

2/  The  change  in  generalized  membrane  polarizability  induced  by  microwave  application  which  must  be 
reflected  in  fluorescent  emission  of  Laurdan  -  a  fluorescent  dye,  sensitive  to  polarization  of  hydrophilic 
environment  within  the  lipid  bilayer. 
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Method  and  results 
Fluorescence  depolarization 

Fluorescence  depolarization  measurements  of  a  membrane  fluorescent  marker  (TMA-DPH  in  our  case)  provide 
information  about  the  rigidity  of  lipid  tails  packing  around  the  site  of  marker  insertion.  As  higher  is  fluorescence 
anisotropy  (r)  as  less  fluid  may  be  considered  the  membrane  in  the  region  of  marker  insertion  (in  case  of  TMA- 
DPH,  below  the  polar  heads  in  the  outer  lipid  layer).  A  lipid  bilayer  is  characterized  by  a  specific  phase  - 
transition  temperature,  when  it  switches  from  a  gel-like  organization  (lipid  packing)  to  a  liquid-crystalline 
organization,  when  lipid  packing  is  looser  (more  fluid).  The  degree  of  looseness  of  lipid  packing  is  critical  for 
many  membrane  functions  which  rely  on  protein  conformational  changes  within  or  across  the  membrane.  It  is 
considered  that  subtle  conformational  changes  of  proteins  which  occur  along  the  signal  transduction  pathways 
may  be  hindered  under  low  level  microwave  irradiation  although  no  plausible  physical  mechanism  for 
explaining  this  effect  is  yet  available. 

Here  we  use  a  simple  model  of  lipid  bilayer,  the  liposome  membrane,  to  check  if  lipid  packing  is  influenced  by 
microwave  irradiation.  The  fluorescence  marker  used  is  a  TMA-DPH  molecule. 

l-|4-(trimethylammonium)phenyl]-l,3,5-hexatriene  (TMA-DPH) 


N+(CH3)3 


Fig.  1  The  insertion  of  the  fluorescent  probe  (TMA-  DPH)  in  the  lipid  bilayer 


Fig-2  Fluorescence  anisotropy  of  l,2-dimyristoyl-sn-glycero-3-phosphocholine  (DMPC)  liposomes  recorded 
versus  temperature  increase  (red  squares)  and  temperature  decrease  (black  squares).  The  sigmoid  fit  of  the 
experimental  curves  indicate  a  phase  transition  around  23  °C. 
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Fig-3  Fluorescence  anisotropy  of  l,2-dimyristoyl-sn-glycero-3-phosphocholine  (DMPC)  liposomes  recorded 
versus  temperature  increase  induced  by  thermostate  (black)  and  microwave  heating  (red). 


Fig-4  Fluorescence  anisotropy  of  human  platelet  membranes  vs.  temperature  increase  at  thermostate  (black)  and 

microwave  (red)  heating 
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Generalized  polarization  (GP) 

Laurdan  (6-dodecanoyl-2-(dimethylamino)-naphthalene)  is  a  fluorescent  dye  which  spontaneously  incorporates 
into  phospholipid  membranes  due  to  its  long  hydrophobic  tail,  as  shown  in  the  scheme  below: 


The  molecule  in  the  ground  state  has  a  very  low  dipole  moment,  while  excited  it  has  a  high  dipole  (due  to  the 
existence  of  donor  and  acceptor  functional  groups). 


H3C— (H2q10 


on 


high  dipolar  moment 


When  the  membrane  contains  dipolar  molecules  (e.g.  water),  these  molecules  will  strongly  interact  with  the 
excited  form  of  Laurdan,  shifting  its  emission  spectrum  toward  lower  energies  (higher  wavelengths),  because 
part  of  the  excitation  energy  is  dissipated  in  the  reorientation  process.  This  phenomenon  is  illustrated  in  the 
diagram  bellow: 


In  MW  fields,  the  permanent  dipoles  of  water  are  supposed  to  align  along  the  electric  field  lines.  This  “ordering” 
phenomenon  of  the  molecules  inside  the  membrane  will  hinder  the  energy  transfer  process  between  the  excited 
molecules  of  Laurdan  and  the  surrounding  water  molecules,  compared  with  the  same  process  in  a  non-irradiated 
sample.  Thus,  when  heating  a  sample,  the  profiles  of  the  plots  representing  the  emission  maxima  position  vs. 
temperature,  will  depend  on  the  heating  procedure  (“thermal”  or  by  MW  irradiation). 


558 


ORDER  CHANGES  IN  CELL  MEMBRANE  INDUCED  BY  APPLIED  2.45  GHz  EMF 


In  the  case  of  simple  membranes,  containing  one  single  component,  like  liposomes,  the  plot  of  /.rnax  vs. 
temperature  has  an  S-shaped  aspect,  showing  a  quite  sharp  inflexion  point  corresponding  to  the  phase  transition 
temperature  of  the  phospholipid  used  for  liposomes  preparation. 


Fig-5  Modification  of  emission  spectra  of  Laurdan  in  l,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC)  liposomes,  induced  by  “thermal”  heating,  a)  Aspect  of  emission  spectra  at  two  extreme 
temperatures  (14  and  40  °C);  b)  Shift  of  the  emission  maxima  as  a  function  of  temperature. 


As  concerns  the  generalized  polarization,  it  depends  on  the  temperature  in  the  same  S-shaped  way  as  the 
emission  maxima,  but  in  a  less  well  defined  manner,  presenting  the  inflexion  point  at  approximately  the  same 
temperature: 


Fig-6  The  temperature  dependence  of  generalized  polarization.  The  difference  between  the  values  of  the 
inflexion  point  as  determined  by  GP  and  A,max  lays  within  the  standard  error  of  the  two  computation  methods 
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When  the  same  heating  is  performed  by  applying  MW,  the  corresponding  plot  looks  like: 


Fig-7  General  polarization  of  DMPC  liposome  suspension  cooled  in  the  presence  (red  curve)  and  the  absence 

(black  curve)  microwave  irradiation  (SAR  lOmW/g). 

Containing  cholesterol  and  many  other  lipidic  or  non-lipidic  components,  many  cell  membranes  do  not  elicit  a 
clear  critical  temperature  of  phase  transition,  the  different  phases  coexisting  in  various  proportions.  In  the  figure 
below,  the  record  of  GP  at  warming  and  cooling  of  platelets  suspension  in  the  absence  of  MW  irradiation  is 
shown. 


Fig-8  General  polarization  of  human  platelets  suspension  in  HBBS  buffer  as  evaluated  by  Laurdan  fluorescence. 
No  obvious  inflection  point  (phase  transition  temperature)  can  be  noticed. 
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Fig.9  Generalized  polarization  of  human  platelets  suspension  in  HBBS  buffer  as  evaluated  by  Laurdan 
fluorescence.  Higher  GP  of  irradiated  sample  (red)  show  a  predominance  of  non-relaxed  Laurdan  population 
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Fig.  10  Fluorescence  depolarization  platelets  membranes  labelled  by  Laurdan,  recorded  at  a/  ^em48o  and  b/A,em438 
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Discussion 

The  higher  values  of  generalized  polarization  in  irradiated  lipid  vesicles  as  well  as  in  platelets  reflect  formally  an 
increase  in  population  of  non-relaxed  Laurdan  molecules  which  cannot  orient  locally  the  polar,  hydrophilic 
molecules  (water).  We  could  expect  this,  since  water  molecules  are  already  oriented  by  microwave  field, 
contributing  to  a  more  rigid,  gel-like  lattice  at  low  temperatures  (see  figure  7).  This  is  also  why  the  phase  - 
transition  temperature  is  higher  in  irradiated  liposome  sample.  As  system  pass  to  a  liquid-crystal  phase  (above 
Tc),  the  difference  between  the  two  samples  vanishes  since  thermal  motion  oppose  the  dipole  orienting  effect  of 
the  field. 

The  same  effect  can  be  observed  in  recording  the  fluorescence  anisotropy  based  on  emission  of  relaxed  and 
nonrelaxed  laurdan  molecules.  Under  microwave  irradiation  the  anisotropy  of  relaxed  Laurdan  emission  is  lower 
comparatively  to  that  of  the  non-relaxed  Laurdan  due  to  the  greater  mobility  of  the  fluorescent  marker  in  the 
lipid  environment  when  it  cannot  strongly  orient  the  neighboring  dipoles  (water,  aminoacids)  already  oriented  in 
the  direction  of  the  applied  field. 

In  case  of  TMA-DPH  fluorescence  measurements  the  local  mobility  of  lipid  tails  packed  within  the  membrane 
bilayer  is  followed  up.  While  in  case  of  model  liposome  membrane  no  dramatic  effect  of  irradiation  was 
observed  (fig. 3),  in  case  of  platelet  membrane  a  pronounced  loosening  (decrease  of  fluorescence  anisotropy)  of 
lipid  packing  is  noticed  (fig. 4)  similar  to  that  recorded  when  using  Laurdan  (fig.  10). 

Conclusion 

Based  on  evidence  of  the  effects  of  radiofrequency  fields  in  different  biological  endpoints,  it  has  been  suggested 
(Adey  1993),  that  co-operative  interactions  on  the  surface  of  cell  membranes  may  allow  weak  fields  to  influence 
cellular  processes  through  signal  amplification  and  transduction  processes. 

At  frequency  used  in  our  measurements  (2.45  GHz),  the  basic  interaction  mechanism  is  the  rotation  of  molecules 
in  which  positive  and  negative  charges  are  separated  in  space  (polar  molecules).  The  most  common  such 
molecule  in  biological  matter  is  water.  Polar  molecules  tend  to  align  themselves  with  the  electric  field  and,  as 
this  oscillates,  they  tend  to  follow  these  oscillations.  In  this  process  energy  is  dissipated  in  the  form  of  heat. 

To  discuss  on  long  lasting  effects  of  microwave  application  on  a  living  system  is  only  meaningful  in  terms  of 
interference  with  signal  pathways  and  this  is,  most  probable,  the  specific  “nonthermal”  effect  of  microwaves 
although,  as  mentioned  above,  it  may  be  accompanied  by  system  heating. 

An  example  of  (interfacial)  membrane  polarity  modulating  the  binding  of  signal  molecules  is  the  case  of  protein 
kinase  C  (PKC).  This  enzyme  plays  an  important  role  in  signal  transduction.  It  is  an  amphitropic  enzyme, 
existing  in  both  aqueous  and  membrane  phases.  Binding  of  PKC  to  membranes  increases  its  activity  against 
most  substrates.  Membrane  interfacial  properties  affect  both  the  binding  of  the  enzyme  to  a  membrane  as  well  as 
the  activity  of  the  enzyme  in  the  membrane-bound  state  (Giorgione  et  ah,  1998). 
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Our  experiments  provide  the  evidence  that  in  simple  bilayer  systems  (liposomes)  as  well  as  in  a  living  cell 
membrane  there  is  a  change  in  local  order  of  lipid  packing  (membrane  fluidity)  and  polar  molecules  orientation 
induced  by  microwave  irradiation.  These  changes  are  consistent  with  many  reported  cellular  effects  of 
microwaves  and  provide  a  meaningful  biophysical  mechanism  for  them. 

References 

Adang  D.,  Remacle  C.,  Vander  Vorst  A.,  Long-term  and  low-thermal  biological  effects  of  microwaves,  WIT 
Transactions  on  Biomedicine  and  Health,  Vol  9,  ©  2005  WIT  Press,  www.witpress.com,  ISSN  1743-3525  (on¬ 
line) 

Adey,  W.R.  Biological  effects  of  electromagnetic  fields.  J.  Cellular  Biochem.  51.  (1993)  410-416. 

Adey,  W.R.  Electromagnetics  in  biology  and  medicine  In:  H.  Matsumoto  ed.  Modern  Science  (1993)  Oxford 
Univ.  Press  227-245. 

Ambrosini  A.,  Zolese  G.,  Balercia  G.,  Bertoli  E.,  Arnaldi  G.,  Mantero  F.,  Laurdan*  fluorescence:  a  simple 
method  to  evaluate  sperm  plasma  membrane  alterations,  Fertility  and  Sterility,  76,  (2001)  501-505 
CS1RO  -  BIOLOGICAL  EFFECTS  AND  SAFETY  OF  EMR  ,  June  1 994 

De  Vequi-Suplicy  C.,  Benatti  C.,  Lamy  T.,  Laurdan  in  Fluid  Bilayers-  Position  and  Structural  Sensitivity, 
Journal  of  Fluorescence,  16(2006),  431-439 

Epand  R.,  Kraayenhof  R.,  Fluorescent  probes  used  to  monitor  membrane  interfacial  polarity,  Chemistry  and 
Physics  of  Lipids,  101  (1999)  57-64 

Giorgione  J.,  Kraayenhof  R.,  Epand  M., Interfacial  membrane  properties  modulate  protein  kinase  C  activation: 
role  of  the  position  of  acyl  chain  unsaturation,  Biochemistry  37  (1998)  10956-10960 

Lee-Gou  Chong  P.,  Sugar  I.,  Fluorescence  studies  of  lipid  regular  distribution  in  Membranes,  Chemistry  and 
Physics  of  Lipids,  1 1 6  (2002)  153-175 

Liburdy  R,  Vanek  PJr.,  Microwaves  and  the  cell  membrane.  II.  Temperature,  plasma,  and  oxygen  mediate 
microwave-induced  membrane  permeability  in  the  erythrocyte,  Radiat  Res.  102  (1985)  190-205 
Parasassi  T.,  KrasnowskaE.,  Bagatolli  L.,  Gratton  E.,  Laurdan  and  Prodan  as  Polarity  -  Sensitive  Fluorescent 
Membrane  Probes,  Jornalof  Fluorescence,  8  (1998)  365-373 

Zubiri  D.,  Domecq  A.,  Bernik  D.,  Phase  behavior  of  phosphatidylglycerol  bilayers  as  a  function  of  buffer 
composition:  fluorescence  studies  using  Laurdan  probe,  Colloids  and  Surfaces  B:  Biointerfaces  13  (1999)  13-28 


563 


The  Use  of  Electromagnetic  Noise  as  a  Universal  Inhibition  Factor 
for  the  Mitigation  of  Biological  Effects  from  Exposure  to 

Electromagnetic  Fields 


Miguel  Penafiel 

Vitreous  State  Laboratory 
The  Catholic  University  of  America 
Washington,  DC 
USA 


Running  Title:  Inhibition  of  bio-effects  with  ELF  noise 

Please  send  correspondence  to: 

Miguel  Penafiel 
Vitreous  State  Laboratory 
Catholic  University 
Hannan  Hall,  Room  410 
Washington,  DC  20064 
USA 

Telephone:  202-319-5335 
FAX:  202-319-4469 
Email:  Penaliel@vsl.cua.edu 


Abstract 

Numerous  studies  have  reported  biological  effects  from  exposure  to  electromagnetic  fields  both  in  the  ELF  and 
RF  ranges,  but  there  is  a  lack  of  consensus  about  the  validity  of  observed  effects.  In  part  this  is  due  to  replication 
difficulties.  At  the  core  of  this  issue  is  the  fact  that  observed  effects,  while  significant,  can  be  of  a  subtle  nature 
and  can  be  easily  masked  by  equally  subtle  changes  in  experimental  conditions.  The  result  is  that  effects  that  are 
observed  in  one  experimental  setting  may  not  be  observed  in  another  seemingly  equivalent  setting.  An  alternate 
approach  to  verify  the  validity  of  observed  effects  that  overcomes  the  difficulties  associated  with  attempting  to 
duplicate  experimental  conditions  is  to  intentionally  use  an  inhibition  factor  to  demonstrate  that  observed  effects 
can  be  elicited  or  negated  at  will.  Our  own  research  and  that  of  others  supports  the  notion  that  a  universal 
inhibition  factor  is  ELF  electromagnetic  noise.  The  superposition  of  ELF  noise  to  inhibit  biological  effects 
elicited  by  exposure  to  electromagnetic  fields  has  been  found  to  be  effective  in  all  instances  tested.  Inhibited 
effects  include:  changes  in  enzymatic  activity,  changes  in  hormone  levels,  changes  in  oncogene  transcript  levels, 
alterations  in  gap  junction  intercellular  communication,  increases  in  DNA  breaks,  activation  of  stress  proteins, 
increases  in  cell  proliferation,  teratogenic  effects,  and  memory  effects.  The  superposition  of  ELF  noise  has  been 
shown  to  be  equally  effective  in  blocking  ELF  and  RF  induced  effects.  A  physical  understanding  of  how  EM 
noise  acts  to  block  EMF  induced  effects  can  be  formulated  in  terms  of  a  detection  process  of  the  EM  stimulus 
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analogous  to  the  detection  of  chemical  gradients  in  bacterial  chemotaxis.  This  theory  hypothesizes  a  temporal 
sensing  mechanism  involving  two  characteristic  time  constants:  xa,  the  “averaging”  time  (~0.05s),  and  xm,  the 
“memory”  time  (~5s).  To  elicit  a  frill  response  a  stimulus  of  constant  intensity  over  ia  must  be  applied  for  a  time 
period  greater  than  im.  The  superposition  of  EM  noise  effectively  inhibits  the  response  by  destroying  amplitude 
uniformity  of  the  EM  stimulus  over  the  required  time  scale. 

Key  words:  ELF  noise,  temporal  sensing,  inhibition  factor 


Introduction 

As  far  back  as  the  1980’s  reports  about  so-called  nonthermal  biological  effects  of  exposure  to  weak 
electromagnetic  fields  (EMFs)  were  being  widely  circulated  (Luben  et  al.  1982).  These  reports  created  a  great 
deal  of  controversy  as  they  went  against  the  then  commonly  held  belief  that  electromagnetic  exposure  could  be 
of  biological  consequence  only  when  the  energy  transfer  was  sufficient  to  produce  measurable  increases  in 
temperature.  Today,  more  than  25  years  later  and  after  hundreds  of  studies  the  controversy  still  remains.  But  the 
source  of  the  controversy  is  not  that  biological  effects  from  exposure  to  nonthermal  fields  have  not  been 
observed,  but  rather  that  biological  mechanisms  that  explain  the  observed  phenomena  are  still  not  well 
understood  and  cannot  be  easily  explained,  leading  some  to  believe  that  effects  are  not  plausible  in  spite  of  the 
evidence  (Adair  1991,  2003). 

All  life  on  earth  has  evolved  in  the  presence  of  environmental  factors  that  include  a  broad  spectrum  of 
electromagnetic  radiation.  Much  of  this  radiation  is  from  natural  sources  that  have  been  an  essentially  constant 
part  of  the  environment  in  recorded  time.  But  the  technological  leap  that  has  taken  place  over  the  last  75  years  or 
so  has  substantially  increased  the  background  radiation.  This  increase  is  particularly  evident  in  the  Extremely 
Low  Frequency  (ELF)  range  due  to  the  ever-expanding  electric  power  distribution  grid,  and  in  the  Radio 
Frequency  (RF)  range  due  to  the  exponential  growth  of  telecommunication  networks.  The  increased  exposure  to 
man-made  fields  has  fuelled  the  interest  in  understanding  biological  interactions,  not  only  as  a  means  to  gain 
scientific  knowledge,  but  also  to  assist  in  the  setting  of  regulatory  guidelines  for  exposure  to  such  fields. 

The  issue  of  regulatory  guidelines  is  most  relevant  in  connection  with  the  use  of  the  ubiquitous  cellular  phone. 
Present  guidelines,  which  coincide  with  practical  limitations  for  the  deployment  of  these  devices,  are  based  on 
the  assumption  that  only  effects  accompanied  by  strong  thermal  interactions  are  likely.  Yet  there  are  hundreds  of 
studies  that  show  effects  from  nonthermal  exposure  (Adair  2003).  Most  of  the  observed  effects  are  of  a  subtle 
nature  and  are  therefore  susceptible  to  numerous  factors  that  make  replication  difficult.  In  part  due  to  replication 
difficulties,  some  have  suggested  that  all  of  the  studies  that  show  effects  are  somehow  flawed  (Adair  2003).  The 
alternative  is  that  there  are  as  yet  not  clearly  defined  biological  mechanisms  that  have  escaped  scientific 
understanding.  Of  course,  the  lack  of  a  full  understanding  does  not  make  observed  effects  invalid.  Such  is  the 
case,  for  instance,  with  EMF -mediated  bone  fracture  repair,  which  is  clinically  effective  but  still  not  well 
understood  (Aaron  et  al.  2004). 

Published  studies  that  have  reported  biological  effects  from  exposure  to  weak  ELF  and  RF  fields  are  too  many  to 
mention  individually.  Effects  in  the  ELF  range  include  changes  in  enzymatic  activity  (Litovitz  et  al.1997), 
teratogenic  effects  (Farrell  et  al.  1997),  changes  in  gene  expression  (Lin  et  al.  1994),  stress  response  effects  (Lin 
et  al.1997,  DiCarlo  et  al.  2002),  and  DNA  damage  effects  (Lai  and  Singh  1997).  RF  effects  include  changes  in 
enzymatic  activity  (Penafiel  et  al.  1997),  memory  effects  (Lai  et  al.  1994,  Wang  and  Lai  2000),  and  DNA 
damage  effects  (Lai  and  Singh  1996).  There  are  also  a  number  of  experiments  that  show  similar  effects  for  both 
ELF  and  RF  exposure  indicating  that  common  biochemical  pathways  may  be  involved  in  the  response.  These 
effects  include  changes  in  enzymatic  activity  (Penafiel  et  al.  1997),  memory  effects  on  rats  (Lai  et  al.  1994, 
1998)  and  effects  on  chromatin  conformation  (Belyaev  et  al.  2005). 

While  the  evidence  for  biological  effects  from  exposure  to  weak  EMFs  is  extensive,  it  is  important  to  point  that  a 
number  of  experiments  have  also  reported  null  effects.  Many  of  these  are  experiments  that  have  attempted  to 
replicate  previously  reported  results  (Desta  el  al.  1999,  Cosquer  et  al.  2005).  Such  null  effects  bring  into  question 
either  the  validity  of  reported  effects  or  the  accuracy  of  replication  conditions  (Krause  et  al.  2004).  The  issue  of 
replication  was  also  evident  in  our  own  laboratory  while  studying  teratogenic  effects  from  ELF  EMF  exposure  of 
chick  embryos.  Statistically  significant  effects  were  observed  in  some  experimental  campaigns  but  not  in  others 
even  though  experimental  conditions  appeared  to  be  the  same.  The  discrepancy  in  the  results  was  eventually 
tracked  down  to  a  change  in  the  chick  progenitor  flock.  The  unknown  factor  causing  the  variability  in  results  was 
apparently  a  genetic  factor  (DiCarlo  and  Litovitz  1999). 
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The  ability  to  examine  experimental  data  to  look  for  unknown  factors  usually  requires  that  a  large  number  of 
experiments  be  performed.  More  often  than  not  this  is  not  possible.  The  issue  of  experimental  validity  when 
exact  replication  is  difficult  to  achieve  can  be  best  addressed  using  a  suitable  inhibition  factor,  if  such  a  factor 
can  be  found.  We  have  previously  demonstrated  in  a  number  of  instances,  that  in  the  case  of  exposure  to  weak 
ELF  and  RF  EMFs,  the  inhibition  factor  is  ELF  electromagnetic  noise  (e.g.,Litovitz  et  al.  1993,  1994,  1997b). 
The  purpose  of  this  paper  is  to  show  that  the  inhibiting  ability  of  ELF  noise  covers  a  wide  range  of  biological 
effects  thereby  suggesting  that  it  might  be  a  universal  inhibition  factor  for  EM  induced  biological  effects. 


Temporal  characteristics  of  a  bio-effecting  stimulus 

One  of  the  issues  concerning  the  general  acceptance  of  experimental  results  that  show  effects  from  exposure  to 
weak  electromagnetic  field  is  one  of  plausibility  based  on  accepted  demonstrable  mechanisms.  By  one  argument, 
weak  EMFs  do  not  carry  sufficient  energy  to  cause  biologically  significant  interactions  in  the  presence  of  local 
thermally  driven  electromagnetic  noise.  Calculations  based  on  general  physical  properties  of  biological  matter, 
which  do  not  account  for  biological  complexity,  do  indeed  appear  to  demonstrate  that  local  noise  considerations 
make  such  interactions  unlikely  (Adair  1991,  2003).  For  interactions  within  the  cellular  membrane  the 
magnitude  of  the  local  electromagnetic  noise,  thus  calculated,  is  of  the  order  of  500  V/m,  which  is  many  orders 
of  magnitude  larger  than  induced  fields  within  humans  from  background  ELF  EMFs  (<  0.001  V/m).  Yet 
undisputable  effects  associated  with  research  on  bone  fracture  repair,  which  appears  to  be  rooted  in  membrane 
bound  interactions,  have  been  observed  with  induced  electric  fields  of  O.lV/m  or  even  less  (Luben  et  al.  1982). 
This  evidence  suggests  that  thermal  noise  considerations  are  not  sufficient  to  render  certain  effects  implausible. 

If  we  accept  that  certain  bio-effecting  interactions  are  possible,  notwithstanding  thermal  noise  considerations, 
then  it  is  of  interest  to  find  alternate  approaches  to  determine  the  viability  of  such  interactions.  Clearly,  EMFs 
affect  biological  material  at  an  elemental  level,  but  beyond  the  obvious  primary  interaction  the  biological 
response  is  determined  by  the  signal  processing  characteristics  of  the  living  biological  entity.  These 
characteristics  are  an  inherent  property  of  the  living  system  defined  by  a  complex  transfer  function,  which  if 
known,  would  predict  what  signals  are  filtered  out  and  what  signals  are  passed  through.  An  important 
consideration  in  this  simple  model  is  how  stimulating  signal  varies  as  a  function  of  time. 

The  biological  response  to  an  environmental  stimulus  is  a  multi-step  process  involving  a  series  of  chained 
biochemical  reactions  characterized  by  varying  rate  constants,  which  form  what  is  referred  to  as  a  signalling 
cascade.  The  net  response  results  from  the  interplay  of  the  biochemical  events  in  the  signalling  cascade.  This 
process,  which  incorporates  the  functions  of  signal  detection  and  discrimination  and  control  of  the  endogenous 
cellular  reply,  is  referred  to  as  signal  transduction.  A  model  system  for  the  study  of  signal  transduction  is  that  of 
bacterial  chemotaxis.  This  model  involves  two  time -dependent  processes  that  together  constitute  a  rudimentary 
memory  system.  One  is  a  fast  process,  occurring  on  a  time  scale  of  the  order  of  0.04s,  which  performs  the 
function  of  measuring  the  concentration  of  chemotactant  molecules  through  binding  of  these  molecules  to 
surface  receptors.  The  other  is  a  slower  process,  taking  place  on  a  time  scale  of  the  order  of  5s,  which  performs  a 
comparison  function  by  modification  of  the  receptors  when  no  changes  in  chemotactant  concentration  are 
detected.  This  is  a  process  of  temporal  sensing  through  which  the  bacterium  makes  continuous  measurements  of 
chemotactant  concentration,  compares  successive  measurements,  and  responds  to  the  difference  between  them. 

A  model  analogous  to  that  of  bacterial  chemotaxis  can  describe  the  biological  response  to  weak  EMF  exposure 
(Litovitz  et  al  1997a).  The  parameters  of  this  model  were  determined  in  studies  of  the  effect  of  EMF  stimulation 
on  ODC  activity.  A  constantly  applied  60  Flz  EMF  stimulus  yielded  a  consistent  doubling  of  the  ODC  activity. 
Changes  in  the  ODC  response  were  first  examined  by  introducing  zero-field  gaps  of  varying  duration  in  the 
exposure  signal.  It  was  determined  that  the  magnitude  of  the  response  decreased  as  the  frequency  of  the  gaps 
increased.  The  full  response  was  elicited  when  a  field  of  constant  intensity  was  applied,  without  interruption,  for 
a  minimum  of  10s.  The  characteristic  time  associated  with  the  response  to  this  gapped  stimulus  was  found  to  be 
5s  and  was  termed  the  memory  time,  xm .  Knowing  the  requirements  to  elicit  a  frill  response,  zero-field  gaps  were 
introduced  periodically  at  Is  intervals  for  much  shorter  intervals  that  were  increased  until  the  response  was 
negated.  The  magnitude  of  the  response  was  found  to  decrease  with  increasing  gap  duration.  No  response  was 
obtained  when  the  gap  duration  was  100ms.  The  characteristic  time  constant  associated  with  the  response  to  this 
second  gapped  stimulus  was  found  to  be  0.05s  and  was  termed  the  averaging  time,  xa.  In  essence  these  results 
showed  that  the  ODC  response  to  EMF  stimulation  involved  two  processes  with  rudimentary  memory. 
Continuous  measurements  averaged  over  a  time  xa  are  compared  successively.  The  response  is  elicited  when  a 
constant  measurement  persists  over  a  time  greater  than  xm 
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The  use  of  ELF  noise  to  negate  electromagnetic  effects 

The  similarities  of  the  temporal  characteristics  of  the  response  to  EMF  exposure,  as  determined  for  the  ODC 
model,  with  those  of  bacterial  chemotaxis  suggests  that  this  may  be  a  more  general  model  applicable  to  the 
response  to  weak  environmental  stimuli.  Furthermore,  the  requirement  that  certain  temporal  characteristics  must 
be  met  to  elicit  a  response  suggests  that  strategies  to  alter  the  temporal  characteristics  of  a  stimulus  could  be 
devices  for  the  purpose  of  negating  the  response.  Such  a  scheme  might  be  useful,  for  instance,  for  the  mitigation 
of  unwanted  effects  from  EMF  exposure. 

The  simplest  strategy  to  alter  the  temporal  parameters  of  an  EMF  stimulus  is  by  the  superposition  of  another 
EMF  stimulus  whose  temporal  characteristics  do  not  meet  the  requirements  to  elicit  a  response.  One  such  signal 
is  ELF  magnetic  noise.  Using  the  temporal  sensing  model  with  ia  =  0.05s  and  zm  =  5s,  it  can  be  shown  a  noise 
signal  with  bandwidth  in  the  biologically  active  frequency  range  below  100  Flz  will  not  elicit  a  response.  The 
superposition  of  a  noise  EMF  stimulus  over  an  existing  stimulus  results  in  a  new  stimulus  which  is  noisy  itself 
and  is  the  sum  of  the  local  stimulus  s(t)  and  the  superimposed  noise  n(t).  In  order  to  fully  negate  the  response 
n(t)/s(t)  must  be  greater  than  or  equal  to  1. 

Measurements  with  the  ODC  model  confirmed  that  the  superposition  of  ELF  noise  could  indeed  negate  the 
response  (Litovitz  1994,  1997b).  Other  studies  in  our  laboratory  demonstrated  that  noise  could  also  be  used  to 
inhibit  teratogenic  effects  and  effects  on  the  stress  response  in  chick  embryos  (Litovitz  1993,  DiCarlo  1998, 
1999b,  2000,  2002,  Shallom  2002).  Furthermore,  it  was  also  found  that  ELF  noise  could  inhibit  biological 
effects  induced  by  mild  mechanical  vibration  (DiCarlo  2002).  Considered  together  this  evidence  makes  a  strong 
case  for  the  argument  that  the  inhibiting  effect  of  ELF  noise  may  be  universal  to  weak  stimuli. 

Experiments  carried  out  in  other  laboratories  have  also  demonstrated  the  efficacy  of  ELF  noise  to  inhibit  both 
ELF  and  RF  effects.  Table  1  shows  a  list  of  published  results  that  show  the  range  of  effects  negated  by  the 
superposition  of  ELF  noise.  In  the  ELF  domain  effects  elicited  with  field  intensities  between  luT  and  400  uT 
have  been  blocked.  In  the  RF  domain  effects  from  exposure  to  fields  of  the  order  of  1  to  3  W/kg  have  been 
negated.  The  lower  intensity  cases  represent  situations  in  which  the  viability  of  effects  might  be  called  into 
question  based  on  thermal  noise  consideration.  The  thermal  noise  issue  can  still  be  a  possible  argument  against 
viability  in  the  higher  intensity  cases,  but  it  is  a  less  convincing  argument  particularly  since  equivalent  field 
intensities  have  been  demonstrated  to  be  bio-effecting  in  bone  growth  stimulation  studies  (Luben  et  al  1982). 
The  results  of  Table  1  show  that  the  outcome  of  the  observed  response  can  be  manipulated  through  the  use  of 
another  stimulating  agent  of  the  same  type  as  the  bio-effecting  agent,  thereby  lending  credibility  to  the  existence 
of  such  effects. 
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Table  1:  Biological  effects  inhibited  by  the  superposition  of  ELF  noise 

Model 

Exposure  field 

Effect  inhibited 

Reference 

Chick 

embryos 

4  uT,  60  Hz  sine 

Two-fold  increase/shift  in  ODC  activity 

Farrell  et  al.  1993 

Chick 

embryos 

1  uT  peak,  100  Hz 
pulsed 

Two-fold  increase  in  developmental 
abnormalities 

Litovitz  et  al.  1993 

L929  cells 

10  uT,  60  Hz  sine 

Two-fold  increase  in  ODC  activity 

Mullins  et  al.  1993 

L929  cells 

10  uT,  60  Hz 

Two-fold  increase  in  ODC  activity 

Litovitz  et  al  1994 

HL60  cells 

6.7  uT,  60  Hz  sine 

40  %  increase  in  c-myc  transcript 

Lin  et  al.  1995 

Chick 

embryos 

4  uT,  60  Hz  sine 

40  %  reduction  in  the  activity  of  5'- 
nucleotidase 

Martin  et  al.  1995 

AMA  cells 

5uT,  50Hz  sine 

15%  increase  in  cell  proliferation 

Rasmark  et  al. 

1996 

PC  12  cells 

8  uT,  60  Hz  sine 

15%  decrease  in  intracellular  dopamine 

Opler  et  al  1997 

L929  cells 

835  MHz 
amplitude 
modulated,  2.5 

W/Kg 

40-100%  increase  in  ODC  activity 

Litovitz  et  al.  1997 

Chick 

embryos 

4  uT  to  10  uT,  60 

Hz  sine 

Two-fold  enhancement  of  survival  of  chick 
embryos  in  anoxic  conditions  by  EM  pre¬ 
conditioning 

DiCarlo  et  al.  1999 

Chick 

embryo 

8  uT,  60  Hz  sine 

915  MHz  CW,  1.7 
W/kg  repeated 

27%  decrease  in  HSP70  levels  consistent 
with  decreased  cyto-protection 

DiCarlo  et  al.  2002 

Chick 

embryo 

915  MHz  CW,  1.75 
or  2.5  W/Kg 

Increase  in  HSP70  by  preconditioning 
consistent  with  increased  survival  after 
hypoxia 

Shallom  et  al.  2002 

NIH3T3 

cells 

0.4  mT  50Hz 

40%  suppression  in  gap  junction  intercellular 
communication 

Zeng  et  al  2002 

Rats 

2.45  GHz  CW,  1.2 
W/Kg 

35%  learning  deficit 

Lai  2004 

NIH3T3 

cells 

0.2  mT  50Hz 

50%  co-suppression  in  gap  junction 
intercellular  communication  with  phorbol 

ester 

Gao  et  al  2004 

NIH3T3 

cells 

0.4  mT,  0.2  mT, 
50Hz 

30%  suppression  in  gap  junction  intercellular 
communication 

Zeng  et  al  2006 

Discussion 

In  spite  of  hundreds  of  published  results  that  claim  the  existence  of  biological  effects  from  exposure  to  weak 
ELF  and  RF  EMFs  using  a  broad  range  of  end  points,  there  is  still  a  great  deal  of  uncertainty  about  whether  these 
effects  are  real.  Part  of  the  problem  is  that  effects  have  often  been  difficult  to  replicate  and  proposed  biological 
mechanisms  have  not  been  substantiated  and  thus  often  remain  speculative.  But  even  when  effects  are  generally 
accepted,  a  full  understanding  of  the  underlying  biological  mechanisms  can  still  be  lacking.  Such  is  the  case,  for 
instance,  in  the  case  of  EMF  induced  bone  growth  stimulation  (Aaron  et  al.  2004). 

Stimulation  of  living  biological  entities  by  weak  exogenous  stimuli  involve  signal  transduction  processes  which 
often  include  signal  integration  and  amplification.  A  model  proposed  in  bacterial  chemotaxis,  which  may  apply 
to  many  other  weak  signal  detection  situations,  assumes  the  existence  of  long-range  cooperative  interactions 
between  receptors  as  a  means  to  achieve  signal  amplification  (Sourjik  and  Berg  2004).  Other  processes  that 
could  result  in  further  signal  amplification  and  discrimination  are  communication  interactions  between  cells 
through  gap  junction  channels.  Direct  cell  to  cell  communication,  evident  in  organized  tissues  and  even  in  cell 
cultures  as  demonstrated  by  contact  growth  inhibition,  is  critical  to  bone-forming  cells  (Lecanda  et  al  1998). 
Biological  effects  could  result  from  the  disruption  of  any  of  the  signalling  pathways  of  the  signal  transduction 
process. 

The  biochemical  basis  for  the  interaction  of  EMFs  with  living  entities  is  not  clear.  It  is  possible  that  the  primary 
site  of  interaction  is  at  the  cellular  membrane  via  modulation  of  receptor  binding.  If  this  were  the  case,  a  myriad 
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of  downstream  signalling  pathways  could  be  affected  leading  to  observable  effects.  But  the  ability  of  noise  to 
inhibit  many  of  these  effects  provides  a  common  link  that  sheds  some  light  about  the  nature  of  the  response.  It  is 
generally  accepted  that  at  a  fundamental  level  the  extent  of  the  electromagnetic  interaction  is  proportional  to  the 
intensity  of  the  stimulus.  As  the  intensity  level  increases  direct  heat  dissipation  resulting  in  measureable 
increases  in  temperature  could  be  a  consequence  of  the  exposure.  At  such  levels  the  superposition  of  a  signal  of 
equivalent  intensity  would  only  result  in  further  heating.  But  at  exposure  levels  for  which  heating  is  not  an  issue, 
such  as  the  experiments  listed  in  Table  1,  the  inhibiting  ability  of  superimposed  ELF  noise  indicates  that  these 
interactions  are  a  signalling  events  with  common  temporal  sensing  characteristics.  This  also  suggests  that  while 
the  effects  of  EMF  exposure  may  be  evident  in  a  multitude  of  observable  parameters,  it  is  possible  that  such 
responses  might  share  a  few  key  common  biochemical  pathways.  The  shared  common  pathways  would  be  those 
that  establish  the  signal  averaging  time,  ia ,  and  the  memory  time,  im  of  the  temporal  sensing  process. 

The  evidence  shown  in  Table  1  is  suggestive  of  a  general  effect  that  may  be  universally  applicable.  This 
inductive  conclusion  would  be  difficult  to  prove  for  all  cases.  However,  the  fact  that  ELF  noise  inhibition  has 
been  effective  in  all  instances  in  which  it  has  been  examined  adds  to  the  weight  of  the  evidence  supporting  this 
argument. 

Conclusions 

A  review  of  experimental  results  on  the  use  of  the  superposition  of  ELF  noise  for  the  inhibition  of  effects 
induced  by  exposure  to  weak  EMFs  shows  the  efficacy  of  this  technique  to  negate  observed  effects.  These 
results  apply  to  a  broad  range  of  end  points  and  over  a  wide  range  of  signal  intensities  suggesting  that  a  common 
factor  is  at  play.  This  common  factor  is  likely  to  be  a  temporal  sensing  process  characterized  by  two  common 
rate  constants.  The  broad  scope  of  inhibited  effects  also  suggests  the  applicability  of  the  temporal  sensing 
hypothesis  as  a  general  signal  transduction  mechanism  for  the  interaction  of  EMFs  with  living  systems. 

Two  general  conclusions  can  be  drawn  from  the  foregoing  review  which  shows  that  the  superposition  of  ELF 
noise  is  an  effective  inhibiting  factor  in  bioelectromagnetic  effects:  1)  the  use  of  ELF  noise  in  a  pseudo-sham 
exposure  condition  would  be  beneficial  in  determining  whether  observed  effects  are  attributable  to  EMF 
exposure,  and  2)  the  superposition  of  ELF  noise  would  be  effective  as  a  prophylactic  means  to  inhibit  unwanted 
biological  effects  in  situations  where  exposure  is  unavoidable. 
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ELF  and  RF/MW  Electric  fields  as  bioeffectors:  a  much  needed 
new  direction  in  bioelectromagnetics? 


ROGER  COGHILL 


For  several  decades  now  Western  research  attention  in  bioelectromagnetics  has  largely  centred  on  the  magnetic 
component  of  the  electromagnetic  wave.  In  their  original  1979  paper,  which  some  argue  heralded  much  of  the 
subsequent  scientific  interest,  Wertheimer  and  Leeper  concluded  that  the  elevated  incidence  of  childhood  cancer 
near  pole-mounted  transformers  in  Denver  was  probably  due  to  the  magnetic  field.  Their  conclusion  was  based 
on  preceding  research,  which  had  reported  magnetic  field  sensitivities  of  some  animals  and  fishes.  Savitz  et  al. 
later  attempted  to  include  electric  field  measurements  in  their  replication  of  the  Denver  study,  but  abandoned 
their  effort  through  an  inability  to  address  the  topic  of  chronic  exposure.  It  may  have  escaped  the  notice  of  both 
authors  that  pole  mounted  transfoirmers  inevitably  generate  large  electric  fields  in  converting  the  primary  to  the 
secondary  induced  voltage.  Moreover,  electric  fields  (unlike  magnetic)  are  present  wherever  there  is  connection 
to  the  main  supply,  so  the  electric  component  was  actually  an  equal  candidate  for  Wertheimer  and  Leeper’ s 
speculations. 

The  world’s  power  utilities  have  also  favoured  magnetic  field  research,  comforted  by  the  recognition  that  few 
homes  will  experience  the  0.4uT  commonly  used  as  a  cut  point  in  epidemiological  studies  to  define  relative  risk. 
The  popular  EmDEX  probes  (designed  for  EPRI)  indeed  do  not  even  permit  the  user  to  collect  electric  field  data 
without  elaborate  engineering  modification. 

Eastern  bloc  countries  do  not  share  this  view,  arguing  that  mankind  has  always  had  evolutionary  experience  of 
magnetic  fields,  in  that  we  all  live  on  the  large  magnet  of  the  Earth.:  and  if  anything  new  has  occurred  on  the 
planet  since  the  advent  of  electricity  then  it  is  the  alternating  electric  field,  for  which  there  is  no  evolutionary 
counterpart  (Shandala  et  al,  1988).  The  search  for  a  mechanism  of  interaction  incorporating  the  magnetic  field 
only  has  proven  inconclusive  to  date  despite  the  evidence  of  many  non  thermal  effects.  It  might  therefore  be 
more  fruitful  to  reappraise  the  role  of  the  electric  component. 

Out  of  eight  published  domestic  epidemiological  studies  of  the  electric  field  only  three  took  proper 
measurements,  and  these  together  offer  strong  support  for  the  electric  field  at  the  nocturnal  bedplace  as  the 
active  parameter  (see  Table  1).  The  remaining  five  used  spot  or  portable  probes,  or  room  centre  measurements 
which  do  not  adequately  characterise  bedplace  exposure  (see  Table  2).  The  three  pertinent  studies  show  a 
consistent  dose  response  pattern  indicating  that  chronic  exposure  to  ELF  electric  fields  above  20V/m  are 
hazardous  to  child  health. 


Table  1:  Bedplace  ELF  electric  field  exposure  in  childhood  cancer  homes 


Study 

Exposure 

measures 

Odds  ratio  (OR)  or 
relative  risk  (RR) 

950% 

Coghill,  Steward  et 
al,  1996 

12  hours  TWA, 
bedplace  only 

4.69 

1.17-27.0 

Dockerty,  Elwood  et 
al,  1997 

24  hours  TWA, 
bedroom  and  one 
other  room 

2.3 

0.4-12.7 

Skinner  Mee  et  al., 
2002 

Spot,  48  hours 
apart,  bedplace 
and  one  other 

room 

1.42 

0.88-2.27 
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Table  2:  Residential  ELF  electric  field  studies  with  poor  characterisation 


Study 

Year 

Deficiency 

Savitz,  Wachtel  et  al,  * 

1988 

room  centres  only 

Green  et  al, 

1999 

daytime  personal  monitor 

McBride,  Gallagher  et  al., 

1999 

48hrs  personal  monitor 

Tynes  and  Haldorse 

1997 

room  corner  nearest  HT  line 

London,  Thomas  et  al, 

1991 

spot  measurements  only 

•  abandoned  a  third  way  through  the  collection 

Our  laboratory  has  recently  reported  that  ELF  electric  fields  at  levels  commonly  seen  near  powerlines  and 
domestic  electric  appliances  can  create  nitrites  in  aerated  distilled  water  to  a  concentration  reported  by  other 
studies  to  cause  ill  health.  The  effect  is  robust  over  many  experiments.  This  simple  physico-chemical  effect 
(paralleling  the  effect  in  respiring  organisms  largely  composed  of  aqueous  solutions)  may  explain  the  thirty 
year  old  mystery  of  how  such  weak  fields  can  cause  ill  health  in  the  absence  of  heating. 

Other  studies  show  that  many  of  the  disorders  associated  with  chronic  ELF  EM  field  exposure  are  also 
associated  with  excess  nitrites  found  in  the  patients  biological  fluids.  In  childhood  leukaemia  for  example 
the  nitrite  level  is  four  times  normal  in  serum  and  two  orders  of  magnitude  higher  than  normal  in  the  CSF. 

An  appraisal  of  the  literature  as  presented  in  this  paper  offers  the  conclusion  that  more  research  attention 
should  be  paid  to  electric  fields  and  this  in  turn  may  lead  to  new  standard  setting  which  recognises  at  last 
the  importance  of  non-thermal  effects. 
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Abstract 

The  influence  of  low  power  millimeter  wave  (MMW)  irradiation  in  the  53.57-78.33  GHz  frequency  range,  on 
water  molecules  of  a  model  membrane  has  been  investigated  by  Deuterium  Nuclear  Magnetic  Resonance  (2H- 
NMR)  Spectroscopy.  The  quadrupole  splitting  (A)  of  deuterated  water  within  the  lamellar  mesophase  of  the 
Cl2E0/H20  binary  system  has  been  measured,  at  25°C  constant  temperature.  It  has  been  found  that  continuos 
wave  (wide  band  53.57-78.33  GHz)  irradiation  of  the  above  membrane  model  system  produces,  a  significant 
increase  of  the  quadrupole  splitting  of  deuterated  water  molecules.  The  observed  variation  of  the  A  for  heavy 
water  is  opposite  with  respect  to  a  temperature  increase  and  it  depends  on  the  level  of  hydration  of  the  lamellar 
sample:  in  samples  with  an  higher  water  content,  MMW  irradiation  produced  a  larger  A  increase.  The  observed 
effect  was  totally  reversible.  In  few  hours  the  splitting  came  back  to  the  initial  value.  We  propose  an  explanation 
in  terms  of  variation  of  the  free/bound  water  population  ratio  and  calculate  the  change  in  the  Gibbs  free  energy 
of  the  system  after  the  irradiation  treatment.  The  interaction  model  membrane-MMW,  might  involve  the 
structures  that  liquid  water  can  adopt  by  using  hydrogen  bonds. 

Short  running  title:  millimeter  wave  effect  on  membrane  hydration 

Key  words:  membrane  hydration;  low  power  millimeter  waves;  2H-NMR  spectroscopy 

Introduction 

The  interaction  between  low  power  millimeter  waves  (power  density  below  1  mW/cm2)  and  biological  systems, 
concern  either  the  effects  induced  by  this  radiation  on  the  systems,  or  the  basic  mechanisms  of  interaction. 

In  1968  Webb  and  Dodds  observed  the  inhibitory  effect  of  MMW  on  the  growth  of  the  E.  Coli  bacterium  [Webb, 
1968].  Afterwards  H.D.  Devyatkov  [Devyatkov,  1974,  1981,  1983]  and  other  Russian  scientists  [Sevastyanova, 
1974,  1981]  observed  the  influence  of  such  radiation  on  various  biological  systems.  Interesting  studies  on  the 
growth  of  Saccaromices  cerevisiae  were  performed  by  Grundler  and  Keilmann  [Grundler,  1977,  1978,  1983].  A 
review  of  the  most  important  results,  in  which  some  physical-chemical  aspects  of  the  MMW-biological  systems 
interaction  are  also  reported,  is  due  to  Pachomov  et  al.  [Pachomov,  1998].  The  effects  observed  on  MMW 
irradiated  cell  systems  go  from  cell  growth  variations,  to  changes  in  DNA  morphology  [Brill,  1993].  Ionic 
membrane  transport  alterations  were  also  reported  [Brovkovich,  1991,  Geletyuk,  1995,  Kataew  AA,  1993]. Since 
2002,  we  have  shown  that  low  power  (<10  mW/cm2)  electromagnetic  radiation,  in  the  millimeter  wavelength 
range  (3.84-5.78  mm),  could  be  used  as  a  physical  mean  in  order  to  influence  the  proliferative  behavior  of 
several  cultured  cells  [Chidichimo,  2002].  It  should  be  highlighted  that  the  proliferation  rate  of  the  investigated 
tumoral  systems  was  inhibited  by  MMW  in  certain  exposure  conditions,  whereas  that  of  the  healthy  cell  systems 
was  not.  Moreover,  we  have  also  shown  that  the  frequency  of  the  radiation  and  the  irradiation  time  [Beneduci, 
2005a]  influence  the  observed  effects.  Besides  the  effect  on  cell  proliferation,  significant  morphological 
alterations  were  observed  on  human  melanoma,  breast  carcinoma  and  erythromyeloid  leukemia  cells  [Beneduci, 
2005a, b,  Beneduci,  2006]. 

Until  now  however,  there  is  not  a  generally  accepted  point  of  view  on  the  biophysical  mechanism  of  interaction 
between  millimeter  radiation  and  biological  systems.  Besides  thermal  effects  that  occur  at  high  powers  (>10 
mW/cm2),  it  was  hypothized  that  the  MMW-biosystems  interaction  coidd  involve  resonant  nonthermal 
mechanisms  at  very  low  powers  [Frohlich,  1968,  1977,  1980,  1983,  1986a,  b,  Kaiser,  1988,  Sinizin,  1998;].  Data 
on  the  dielectric  properties  of  water  [Ellison,  1996]  and  of  biological  systems  [Schwan,  1983,  Grant,  1984]  agree 
on  the  fact  that  water  is  the  only  molecular  system,  able  to  directly  interact  with  electromagnetic  waves  in  the 
millimeter  range  above  1  GHz  [Beneduci,  2006]. 
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However,  besides  the  direct  field  effect  on  water  dipoles,  any  biological  effects  could  be  explained  only  if 
the  electromagnetic  field  affects  the  reaction  sensitivity  of  some  cellular  processes,  that  is  crucially  determined 
by  the  reaction  moments  [Neumann,2000]. 

The  absorption  of  microwave  radiation  by  water  molecules  may  induce  changes  in  the  equilibrium  free 
water/bound  water  involved  in  several  cellular  processes  in  which  a  chemical  control  is  exerted 
[Neumann,2000].  Water  plays  also  crucial  roles  in  proton  transfer  reactions  and  in  transport  processes  through 
narrow  channels  or  pores  in  which  water  molecules  assume  particular  interfacial  orientations  [Neumann,2000]. 
The  millimeter  radiation  could  affects  the  orientational  dynamics  of  water  molecules  in  such  systems,  causing 
several  bio-effects. 

The  above  considerations  and  the  morpho-functional  alterations  of  the  membrane  observed  on  some  in  vitro 
cultured  tumoral  cells  after  MMW  irradiation  [Chidichimo  2002,  Beneduci  2005b,  Beneduci,  2006,  Szabo  2006, 
Chen  2004],  brought  us  to  begin  the  study  of  the  MMW-membrane  interaction. 

The  present  work  therefore,  deals  with  some  aspects  of  the  physico-chemical  mechanisms  that  occur  when  a 
model  membrane  system  interacts  with  the  millmeter  waves. 

All  the  biological  membranes  exist  because  of  the  intermolecular  forces  occurring  between  the  components  of 
the  system  (hydrophobic  interactions,  dipole-dipole,  ion-dipole,  hydrogen  bonds  network)  .  The  water  molecules 
interacting  with  the  polar  head  groups  of  the  anfiphilic  molecules  by  non-bonding  forces  are  in  chemical 
equilibrium  with  those  ones  that  constitute  the  bulk  water  and  are  the  so  called  “free  water”  molecules.  A  general 
reaction  step  that  summarizes  such  type  of  chemical  process  occurring  at  the  polar  interface  of  a  double  layer  is 
the  following: 

Keq 

S(H20)r  +  nH20  <  >  S{H20)r+l  +(n- 1  )H20  (1) 

where  S(H20)r  is  the  amphiphilic  molecule  that  binds  r  water  molecules  and  being  in  thermodynamic 
equilibrium  with  the  species  S(H20)r+l  that  bind  r+1  water  molecules,  (n  —  \  )ll,0  being  the  free  water 
molecules.  The  model  membrane  system  investigated  in  the  present  work  was  the  penta(oxyethylene)n- 
dodecylether/water  lamellar  lyotropic-liquid  crystal  system,  which  has  been  extensively  studied  in  the  past 
[Mitchell,  1983,  Dimitrova  et  al.,  1996,].  Such  binary  system  was  conveniently  adopted  by  us  because  it  easily 
forms  double  layer  of  lamellar  structures  (like  biomembranes),  at  room  temperature  in  a  relatively  wide  range  of 
compositions. 

If  a  model  membrane  is  made  by  using  heavy  water  (2H20)  instead  of  ordinary  water  (H20),  one  can  record  a 
deuterium  NMR  spectrum  which  will  be  the  result  of  a  superposition  of  spectral  doublets  whose  peak  separation 
(in  Hz)  depends  on  the  orientation  of  the  double  layer  (lamella)  with  respect  to  the  NMR  static  magnetic  field 
[Pake  1948].  When  the  plane  of  the  lamella  is  oriented  parallel  to  the  static  magnetic  field,  the  peak  separation  is 
called  quadrupole  splitting,  A. 

In  the  case  under  study,  the  Ci2E05/2H20  system,  A  is  proportional  to  the  total  fraction  of  water  molecules 
bound  to  the  polar  head  group  of  the  surfactant,  pb,  and  to  an  average  order  parameter  St  that  brings  information 
about  the  local  motion  of  the  O-D  bonds  in  heavy  water: 

A  =  \v,PbSb  (2> 

where,  vq  is  the  quadrupole  coupling  constant.  The  equilibrium  reaction  that  concern  the  hydration  process  of  the 
surfactant  molecules  in  the  lamellar  structures,  could  be  written  in  the  general  form  (3)  [Mitchell  et  al.,  1983], 
where  Sf  are  the  free  surfactant  molecules,  Wf  the  free  water  molecules,  Sb(Wb)r  are  the  complexes  formed  by  a 
surfactant  molecule  and  r  water  molecules  and  Kh  is  the  thermodynamic  equilibrium  constant. 

Kb  ' 

Sf  +  rW f  — Sb(Wh)r  (3) 

It  is  clear  that  any  cause  affecting  the  free/bound  water  equilibrium  must  reflects  a  change  in  the  value  of  the 
quadrupole  splitting  that  can  be  conveniently  measured  by  the  2H-NMR  technique  [Mitchell  et  al.,  1983]. 

Materials  and  methods 

Deuterium  NMR  spectra  were  recorded  on  a  300  MSL  Bmker  spectrophotometer  operating  at  46.053  MHz 
deuterium  resonance  frequency,  using  a  10  mm  tunable  probe.  To  record  the  spectra,  samples  were  introduced  in 
a  10  mm  NMR  tube.  Each  spectrum  is  the  Fourier  transform  of  a  FID  obtained  integrating  400  scans,  with  a  1 
sec  repetition  time.  Each  scan  is  a  quadmpolar  echo  pulse  sequence,  with  a  9  pis  90°  pulse  and  a  88  ps  delay 
time.  Sample  temperature  was  constantly  maintained  at  25°C  by  the  spectrophotometer  variable  temperature 
controller  VT  1000. 

Chemicals 

Normaldodecylpentaoxyhetylene  ether  (Ci2EOs)  was  purchased  from  Sigma-Aldrich  (99%  purity)  and 
deuterated  water  from  Cambridge  Isotope  Laboratories,  Inc.  (99.9%  purity).  Both  chemicals  were  used  without 
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further  purification.  Lamellar  lyotropic  liquid  crystal  samples,  Ci2E05/2H20,  were  prepared  by  weight  adding 
the  right  amount  of  heavy  water  to  the  surfactant  placed  in  a  5  mm  NMR  tube.  The  mixtures  were  then  warmed 
up  and  vortex  stirred  to  achieve  homogeneity  .  Three  samples  were  prepared  containing  30%  (sample  A), 25% 
(sample  B)  and  20%  (sample  C)  by  weight  D20.  A  4  mm  glass  bar  was  introduced  inside  a  5  mm  NMR  tube  to 
obtain  a  thin  layer  (0.5  mm)  of  lamellar  phase  (fig.l).  Samples  were  then  sealed  and  stored  at  25°C  for  about 
three  days. 

Experimental  MMW  facilities  and  sample  irradiation 

The  MMW  radiating  apparatus  AMFIT  32  (made  in  Russia  by  the  UWOM  company  of  Nizhnj  Novgorod),  was 
used  as  radiation  source.  It  is  a  microwave  noise  generator  diode,  able  to  supply  a  53.57-78.33  GHz  frequency 
band  at  a  global  mean  power  density  <  lpWatt.  Samples  were  placed  at  the  end  of  the  conical  antenna  of  the 
instmment  and  were  irradiated  for  7  hours.  Temperature  was  strictly  controlled  and  maintained  at  25  °C  along 
the  experiment.  Samples  were  weighted  after  the  irradiation  treatments  to  check  for  evaporation  of  water  but 
weights  remained  constant. 


Fig.  1.  Schematic  representation  of  the  lamellar 
sample  and  of  the  irradiation  geometry  (not  in  scale). 


Results 

Stability  of  the  system  under  constant  temperature  condition 

Prior  to  perform  any  irradiation  experiment,  the  stability  of  the  lamellar  samples  was  tested  under  25°C  constant 
temperature  condition.  In  fig.  2,  the  variation  (%)  of  the  quadmpole  splitting  is  showed  for  a  time  course  of  4 
days,  in  the  case  of  the  sample  A.  It  could  be  noted  that  A  resulted  very  stable  showing  only  restricted 
oscillations  of  the  order  of  ±  0.25%  (N=96),  around  the  equilibrium  A  value.  These  random  variations  could  be 
attributed  to  small  fluctuations  of  the  temperature  of  the  thermostated  chamber  (probe).  Analogous  behaviour 
was  observed  for  the  other  samples  B  and  C  (data  not  shown). 

Quadrupole  splitting  behavior  of  heavy  water  under  MMW  irradiation 

Typical  2H-NMR  spectra  recorded  before  and  after  three  irradiation  treatments,  were  reported  in  fig. 3  A,  B  for 
sample  A  and  B.  Significant  increases  of  5.3±1.0%  (N=3)  and  2.6±0.5%  (N=3)  of  the  quadmpole  splitting  of 
heavy  water,  were  observed  in  the  irradiated  samples  A  and  B  respectively.  A  negligible  perturbation  of  the  A, 
was  also  observed  in  the  irradiated  sample  C  (data  not  shown). 
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Fig.  2.  Sample  A  before  irradiation.  Quadmpole  splitting 
variation  of  2H20  as  a  function  of  time  (T=25°C).  Spectra 
were  recorded  along  4  days  with  1  hour  steps.  The  sample  is 
very  stable. 


Fig  3.  FFO-NMR  spectra  of  the  investigated  samples.  The  A  of  heavy  water  in  sample  A 
(A*1  —1608  Flz)  gained  80  Flz  after  the  irradiation  (A*~  — 1688  Flz).  The  increase  of  the  A  for 
the  sample  B  was  45  Flz  (A(2)=1918  Flz;  A<2)=1963  Flz). 

The  observed  variations  are  very  far  from  those  which  could  be  induced  by  thermal  fluctuations.  Actually,  from 
control  sample  data,  we  have  seen  that  thermal  fluctuations  (of  less  than  1  degree)  caused  statistical  random 
variations  of  the  quadmpole  splitting  about  the  equilibrium  value  at  25°C,  which  were  not  larger  than  4  Flz 
(0.25%). 
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Fig.  4.  Sample  A.  Variation  of  the  splitting  value  in  percentage 
as  a  function  of  temperature.  The  point  zero  on  the  ordinates 
corresponds  to  25  °C. 

2H20  quadrupole  splitting  temperature  dependance 

in  fig. 4  the  variation  of  the  quadrupole  splitting  of  heavy  water  relative  to  sample  A  was  shown  as  a  function  of 
temperature,  in  the  range  9°C  -  41°C.  The  thermal  process,  from  9°C  to  41°C,  is  reversible  (see  upfacing 
triangle  in  fig.  4).  At  this  point,  two  fundamental  findings  have  to  be  underlined:  1)  to  produce  a  6%  increase  in 
A  in  such  a  system  (sample  A),  equal  to  that  observed  under  MMW  irradiation,  it  was  necessary  to  reduce  the 
temperature  of  the  system  of  about  15°C.  2)  MMW  irradiation  produced  an  increase  of  A  while  a  temperature 
increase  produced  a  A  decrease.  This  temperature  dependence  was  similar  for  the  other  two  samples  (B  and  C), 
as  previously  reported  [Rendall  K,  1984]. 


MMW  irradiation  increases  membrane  hydration 

In  view  of  equation  (2),  the  quadrupole  splitting  (A)  can  change  only  if  pb  and/or  Sb  changes.  Summarizing  the 
results,  the  variation  of  the  quadrupole  splitting  of  D20  contained  in  the  irradiated  model  membranes,  increases 
as  the  percentage  of  heavy  water  within  the  samples  increases.  Going  from  the  less  hydrated  (C)  to  the  more 
hydrated  system  (A)  the  free  water  dispersed  between  the  surfactant  lamellae  gradually  increase.  Hence  a  crucial 
parameter  influencing  the  variation  of  A  after  MMW  irradiation,  must  be  the  amount  of  free  water  present  in  the 
system.  More  precisely,  we  observed  that  the  effects  produced  on  the  quadrupole  splitting  of  heavy  water  by  the 
MMW  irradiation  increases  as  the  free  water/  bound  water  (pb)  ratio  increases.  A  variation  of  only  the  order 
parameter  Sb  cannot  explain  the  observed  trend.  Indeed,  such  a  parameter  reflects  the  local  orientational  order  of 
the  bound  water.  Thus  the  value  of  Sb  depends  on  the  mobility  of  water  molecules  linked  to  the  surfactant  polar 
heads.  If  the  MMW  irradiation  had  acted  on  this  physical  property  of  the  system,  the  variation  of  A  should  not 
depend  on  the  sample  composition.  Thus,  we  interpreted  our  experimental  findings,  identifying  a  primary 
interaction  occurring  between  the  millimeter  radiation  and  the  free  water  of  the  membrane  system  that  strongly 
absorbs  the  MMW.  As  first  order  effect,  consequence  of  such  direct  interaction,  is  the  shift  of  the 
thermodynamic  equilibrium  (3)  towards  right.  Hence,  the  membrane  resulted  more  hydrated  (greater  pb  values) 
after  the  MMW  irradiation  treatment,  than  the  equilibrium  initial  condition.  Such  fundamental  perturbation  was 
observed  as  a  quadrupole  splitting  increase.  In  thermodynamic  terms,  this  means  that  the  Gibbs  free  energy 
variation  relative  to  the  process  (3),  expressed  by  equation  (4)  is  shifted  towards  more  negative  values  (more 
favoured  thermodynamic  process)  by  millimeter  wave  irradiation. 

A G  =  GWb  -  GWf  (4) 

The  first  term  ( GWh)  of  eq.4  is  the  Gibbs  free  energy  of  a  mole  of  bound  water  molecules.  Its  value  depends  on 
local  thermodynamic  properties  of  water  molecules  bound  to  the  polar  heads  of  the  surfactant,  that  are  not 
susceptible  to  change  under  irradiation.  Then,  Gwb.  does  not  change.  Hence  we  can  write  equation  (5) 


(5) 


where  the  superscript  (1)  and  (2)  refer  to  the  state  of  the  system  before  and  after  MMW  irradiation,  respectively. 


Variation  of  the  Gibbs  free  energy  of  the  system  under  MMW  Irradiation 

We  derived  the  change  in  the  Gibbs  free  energy  variation  of  the  system  produced  by  MMW  (A GMw)-  Using 
equation  (4),  the  equality  (5),  and  defining  the  states  of  the  system  before  and  after  irradiation  by  the  superscript 
(1)  and  (2)  respectively,  we  can  write  the  following  equations: 
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AG(1)  =  Gg  -  =  -RTXnK^  (6) 

AG,2)  =  G™  -  G$  =  -RTkiK™  (7) 

We  can  express  thus,  the  quantity  AGmif  as  the  difference  between  the  Gibbs  free  energy  variation  relative  to 
equilibrium  (3)  before  and  after  irradiation: 

A Gmw  =  AG<2)  -  AG(1)  =  -[G™  -  G%)  ]  (8) 

Equation  (8)  tells  us  that  energetic  changes  of  the  state  of  the  system,  produced  by  MMW  irradiation,  are  due  to 
changes,  opposite  in  sign,  in  the  energetic  state  of  free  water  present  in  the  system. 

We  can  correlate  the  quantity  AG mw  with  the  thermodynamic  equilibrium  constant  Kb  relative  to  process  (3) 
before  and  after  MMW  irradiation: 

K(1) 

^Gmw=-RT^~^ IT  (9) 

In  table  1,  quadrupole  splitting  experimental  values  and  calculated  thermodynamic  data  relative  to  systems  A,  B, 
and  C  were  collected. 

The  pb  values  were  determined  by  means  of  equation  (2)  and  using  the  Sb  value  as  reported  by  Mitchell  et.al  . 
The  increase  of  the  Gibbs  free  energy  of  free  water,  produced  on  the  systems  after  irradiation,  is  greatest  for 
sample  A  (+2882  J/mol).  Consequently,  equilibrium  (3)  is  shifted  towards  the  water-surfactant  complex  (KA,2) 
3.2  fold  greater  than  Kb 1 1  after  irradiation).  This  effect  is  less  pronounced  in  system  B  (+834  J/mol;  Kh(1>  1.4  fold 
greater  than  Kf! 1 1  after  irradiation).  No  net  increase  was  observed  in  system  C. 

Table  1 


State  of  the 
System 

A 

(KHz) 

Pb 

sb 

Kb(2)/  Kbm 

AGmw 

(J) 

Ci2E05/2H20 

%(w/w) 

1 

1.608 

0.51 

2 

1.688 

0.54 

0.0146 

3.2 

-2882 

70 

1 

1.918 

0.61 

2 

1.963 

0.63 

1.4 

-834 

75 

1 

1.946 

0.62 

2 

1.956 

0.63 

=1 

0 

80 

Table  1.  Experimental  and  calculated  data  of  the  parameters  characterizing  the  lamellar  system.  Low  power 
MMW  irradiation  induces  an  increase  of  the  fraction  of  water  molecules  bound  to  the  surfactant.  See  text  above 
for  details. 

Summary 

The  quadrupole  splitting  of  deuterated  water  of  a  C^EOGlEO  membrane  model  was  measured  by  2H-NMR 
spectroscopy.  By  irradiating  the  model  membranes  utilizing  low  power  millimeter  waves  (wide  band  53.57- 
78.33  GHz,  continous  wave),  we  modified  (increase)  the  splitting  value  of  the  heavy  water.  This  cannot  be 
explained  in  terms  of  solely  provided  heat.  In  fact,  raising  temperature  produces  an  opposite  behaviour  of  the 
monitored  parameter  (splitting  decrease).  Weighting  the  samples  after  millimeter  waves  exposure,  allowed  us  to 
be  sure  that  water  did  not  evaporate.  We  also  found  that  the  effect  is  completely  reversible  after  few  hours. 
Furthermore,  the  most  hydrated  samples  were  more  sensitive  to  the  irradiation  treatment.  Making  some 
assumptions  we  propose  that  the  MMW  interact  primarly  with  the  free  water  trapped  between  the  layers  of  the 
system,  inducing  the  water  molecules  to  bound  the  surfactant.  Literature  data  and  studies  we  are  carrying  out  on 
the  dielectric  constant  of  both  normal  and  deuterated  water  (data  to  be  published),  strongly  indicate  that  water  is 
the  primary  absober  of  the  millimeter  wavelengths  and  the  obtained  dielectric  data  are  different  for  the  two  kind 
of  water  at  the  same  frequencies.  Works  in  progress  are  clearly  indicating  that  very  likely  the  structures  that 
water  can  adopt  by  means  of  hydrogen  bond  network  play  a  central  role  in  the  observed  effects;  phospholipid 
model  and  in  vitro  cultured  cells,  respond  to  some  specific  frequencies  rather  than  others. 
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Abstract.  This  contribution  points  to  the  mechanisms  of  zero-frequency  (DC)  and  oscillating  (AC)  magnetic 
field  (MF)  bioeffects.  The  survey  pays  particular  attention  to  the  action  of  artificial  MFs  not  only  at  the  ionic, 
molecular  or  macromolecular  levels,  but  also  at  the  levels  of  in  vitro  cycling  cells,  in  situ  functioning  tissues  or 
organs  and  total  bodies.  The  significance  of  crucial  findings  concerning  the  MF -dependence  of  cell  proliferation 
vs.  cell  death,  extent  of  necrosis  vs.  apoptosis  and  cell  membrane  fluidity  is  judged  by  comparing  the  results 
obtained  in  a  solenoid  (SLD),  where  an  MF  can  be  added  to  the  geomagnetic  field  (GMF),  with  those  obtained 
in  a  magnetically  shielded  room  (MSR),  where  the  MFs  can  be  partially  attenuated  or  null.  This  comparative 
criterion  is  required  because  the  differences  detected  in  the  experimental  samples  against  the  controls  are  often 
rather  small  per  se,  as  observed  in  estimating  the  MF-dependence  of  expression  of  single  genes  or  of  the  rates  of 
total  DNA  replication,  RNA  transcription  and  protein  translation.  The  analysis  also  considers  the  MF- 
dependence  of  the  interactions  between  host  eukaryotic  cells  and  infecting  bacteria.  In  the  framework  of  studies 
on  the  origin  and  adaptation  of  life  on  Earth,  theoretical  insights  paving  the  way  to  elucidate  the  mechanism(s) 
of  MF-interaction  with  biostructures  and  biosystems  of  different  orders  of  organization  are  considered. 


Introduction 

Since  life  on  Earth  originated  in  natural  MFs,  while  a  large  part  of  the  living  matter  became  subjected  to 
artificial  MFs  only  in  the  XXth  Century,  a  question  concerning  the  adaptation  of  organisms  to  these  new 
unexpected  fields  emerged.  For  instance,  would  an  animal  maintain  the  normal  ontogenesis  in  an  artificial  MF 
characterized  by  an  amplitude  much  greater  than  that  in  which  it  evolved? 

In  recent  years,  the  number  of  reports  posing  this  question  has  increased.  In  particular,  the  epidemiological 
aspect  was  debated  with  emphasis  since  the  negative  effects  of  extremely  low  frequency  (ELF)  MFs  generated 
by  50  Hz  high  voltage  power  transmission  lines,  video  screens,  electric  blankets  or  other  home  appliances,  was 
forcibly  denounced  as  time  went  by  [1].  The  belief  that  the  field  intensity  was  rationally  fixed  below  a  risk 
threshold  functioned  as  objection  to  the  alarm.  However,  the  available  data  were  contradictory  [2].  On  the  one 
hand,  a  benefit  from  the  low-energy  pulsed  MFs  in  non-union  bone  fracture  healing  and  in  cell  regeneration  was 
reported  [3].  On  the  other,  the  influence  of  MFs  at  50-60  Hz  exerted  on  the  nervous  system  [1]  induced 
preoccupation. 

In  any  case,  the  MFs  showed  a  distinct  influence  on  cell  proliferation  (Figs.  1  and  2)  [4]  and  on  the  role  of 
the  calcium  ions  in  the  transduction  of  this  influence  [5-10].  In  particular,  it  was  reported  that  a  22  pT  MF  at  60 
Hz  modulated  the  calcium  influx  [8].  The  MF-dependence  of  the  state  of  the  cell  membrane  was  studied 
through  microscopy  [11]  and  cytofluorimetry  [12].  The  influence  of  1-10  pT  MFs  at  50  Hz  on  the  membrane 
conductivity  and  permeability  was  taken  into  account  [11].  A  study  was  performed  on  the  effects  of  very  weak 
MFs  (10'fl  to  10"5  T)  on  chicken  embryogenesis  [13].  The  results  of  this  investigation  were  confirmed  in  some 
laboratory  conditions  [14]  and  contradicted  in  others  [15,16]. 
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The  divergences  encountered  in  the  literature  with  respect  to  the  MF-dependence  of  certain  biological 
structures  and  functions  are  not  due  only  to  the  differences  of  equipment  facilities  or  experimental  accuracy,  but 
rather  to  the  adequacy  of  proposed  methodological  approaches.  In  addition,  there  is  still  a  largely  recognized 
lack  of  theoretical  analysis  to  explain  the  mechanisms  which  underlie  the  interactions  between  the  MFs  and  the 
various  cellular  targets.  Thus,  the  main  aim  of  this  report  is  to  draw  the  attention  on  the  efforts  that  have  been 
made  to  define  the  basic  physical  laws  describing  MF-biosensitivity. 


Fig.  1.  Acceleration  and  deceleration  of  cell  proliferation  after  addition  or  subtraction  of  MFs  [4].  Cultures  of 
Friend  eiythroleukemia  cells  were  left  to  grow  in  parallel  for  about  100  hrs:  (a)  under  the  control  45  pT  DC  of 
the  Earth’s  MF,  (b)  in  an  LSD  where  70  pT  at  50  Hz  were  added  to  the  45  pT  DC  of  the  Earth’s  MF  and  (c)  in  a 
MSR  where  the  highly  attenuated  field  essentially  reflected  the  residual  20  nT  DC  of  the  Earth’s  MF  and  the  2.5 
pT  AC  of  the  power  line  MF  (in  the  MSR  the  45  pT  DC  of  the  Earth’s  MF  was  attenuated  2500  times  at  0.0  Hz 
because  the  AC  shielding  factor  was  estimated  to  be  about  2500  for  frequencies  between  0.001  and  10000  Hz, 
while  the  applied  AC  MF  was  30000-40000  times  smaller  at  50  Hz).  The  results  represent  the  mean  of  five 
experiments  for  (b)  vs.  (a)  and  three  experiments  for  (c)  vs.  (a).  The  Student’s  paired  t  test  showed  P  values  of 
0.02  for  both  (b)  vs.  (a)  and  (c)  vs.  (a). 


Is  the  question  of  the  mechanisms  of  magnetic-field  bioeffects  still  open? 

Following  the  well  known  contributions  of  several  laboratories  which  attracted  the  attention  of  the  scientific 
community  on  the  possible  involvement  in  MF  bioeffects  of  resonance  at  the  cyclotron  frequency  under  the 
combined  influence  of  DC  and  AC  MFs  [17-20],  Blanchard  and  Blackman  [21]  tried  to  enrich  the 
Magnetobiology  with  a  theory  based  on  an  ion  parametric  resonance  model. 
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MF  intensity  (mT  DC) 


Fig.  2.  Dependence  of  the  human  macrophage  viability,  necrosis  and  apoptosis,  in  the  absence  and  in  the 
presence  of  mycobacterial  infection,  upon  static  MFs  [39,40].  Macrophages  (MDMs),  separated  from  PMB  cells 
attached  for  1  hr  to  the  bottom  of  a  flask,  were  subdivided,  using  dishes,  into  a  number  of  equal  samples  each 
consisting  of  1  106  MDMs  in  1.5  ml  of  RPMI-1640  medium.  Five  samples  were  maintained  for  5  days  under  DC 
MFs  of  various  intensity,  while  a  control  sample  was  kept  in  the  absence  of  any  MF.  At  the  end  of  the  fifth  day 
of  exposure,  each  sample  was  washed  twice  with  PBS,  while  the  MDMs  were  detached  from  their  dish,  treated 
with  PI  and  analyzed  cytofluorimetrically.  A  parallel  set  of  samples  (each  also  consisting  of  1'106  MDMs  in  1.5 
ml  of  RPMI-1640  medium),  after  a  5-day  permanence  in  culture  without  MF,  was  infected  with  Mycobacterium 
tuberculosis  (MTB)  and  maintained  for  another  2  days  under  the  same  MFs  of  various  intensity  (a  control  MTB- 
infected  MDM  sample  was  kept  for  2  days  in  the  absence  of  any  MF).  At  the  end  of  the  second  day  of  exposure, 
each  MTB-infected  MDM  sample  was  washed  twice  with  PBS,  detached  from  the  dish  bottom,  treated  with  PI 
and  analyzed  cytofluorimetrically.  (a)  Viability  of  the  uninfected  MDMs  vs.  that  of  the  MTB-infected  MDMs; 
(b)  necrosis  of  the  uninfected  MDMs  vs.  that  of  the  MTB-infected  MDMs;  (c)  apoptosis  of  the  uninfected 
MDMs  vs.  that  of  the  MTB-infected  MDMs.  (X-X)  Uninfected  MDMs;  (p-p)  MTB-infected  MDMs.  The  values 
represent  the  mean  of  three  experiments,  each  performed  in  triplicate.  The  Student’s  paired  t  test  showed  P 
values  of  0.04  for  (a),  0.01  for  (b)  and  0.05  for  (c). 

Anyway,  from  a  unifying  physico-chemical  point  of  view  and  despite  the  list  of  MF  bioeffects  reported 
earlier,  the  research  is  still  unable  to  provide  a  proper  explanation.  For  this  reason,  it  is  convenient  to  re- 
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consider,  in  detail,  other  contributions  which  could  make  the  efforts  more  circumstantiated  and  allow  a 
comprehensive  theory  of  the  MF  bioeffects. 

Long  ago,  it  was  suggested  that  the  rise  of  a  ponderomotive  force  caused  in  a  biostructure  by  non-uniform 
static  MFs  could  lie  on  the  basis  of  the  magnetotropism  of  plants,  where  the  "paramagnetic  cells"  representing  a 
minor  biomass,  would  be  forced  towards  a  point  of  maximal  field  while  the  "diamagnetic  cells"  representing  a 
major  biomass  would  be  forced  towards  the  opposite  direction.  Studying  the  interaction  of  the  neuromembrane 
ionic  channels  with  the  spreading  action  potential,  Volobuev  and  Coworkers  [22]  proposed  that  "external"  MFs 
interact  with  hypothetical  "internal"  MFs  created  by  the  ionic  channels  and  nodes  of  Ranvier.  This  could  explain 
the  decrease  observed  in  the  speed  of  propagation  of  the  action  potentials  in  static  MFs.  Another  study  by 
Agulova  and  her  Colleagues  [23],  concerning  the  behaviour  of  non-equilibrium  systems  in  low-frequency/low- 
intensity  MFs,  distinguished  the  direct  perception  of  the  MF  by  biomolecular  structures  from  the  signalling  role 
of  the  MF  through  the  central  nervous  system. 


0  20  40  60  80  100 

Culture  growth  cycle,  hrs 


Fig.  3.  Stability  of  the  rates  ofDNA  replication  in  Friend  erythroleukemia  cells  after  their  long  exposure  to  an 
AC  MF  [42].  The  cells  were  pre-exposed  to  70  pT  at  50  Hz  plus  45  pT  DC  of  the  Earth’s  MF  for  318  days, 
during  which  they  were  necessarily  reinoculated  into  a  fresh  medium  twice  per  week  (during  each  reinoculum, 
the  cells  remained  in  the  absence  of  irradiation  for  20  min).  Then,  two  samples  were  inoculated  at  a  density  of 
0.3T06  cells/ml  and  followed  during  their  culture  growth  cycle.  At  intervals  of  24  hrs,  2  106  cells  were  incubated 
in  2  ml  of  the  same  medium  in  which  they  grew  (containing  ten  per  cent  foetal  calf  serum)  with  2  pCi  of 
[3H]thymidine  (86.1  Ci/mmol).  The  incubation  lasted  50  min  at  37  °C  under  shaking,  in  the  absence  of  5%  CCL 
in  air.  The  labelled  cells  were  washed  three  times  with  PBS  (without  Ca2+  and  Mg2+),  harvested  and  treated  with 
1  ml  of  10%  TCA  at  4  °C  for  1  hr.  The  TCA-precipitable  material  was  loaded  through  a  0.45  pm  Millipore  filter 
and  washed  twice:  first,  with  15  ml  of  cold  5%  TCA  and,  second,  with  5  ml  of  70%  ethanol.  The  yielded 
sediment  was  dried  at  20  °C  and  introduced  into  10  ml  of  Ultima  Gold  scintillation  liquid  to  measure  its 
radioactivity,  (p-p)  Cell  proliferation  outside  the  SLD  under  the  sole  45  pT  DC  of  the  Earth’s  MF;  (X-X)  cell 
proliferation  inside  the  SLD  under  70  pT  at  50  Hz  plus  45  pT  DC  of  the  Earth’s  MF.  The  experiments  were 
repeated  three  times.  The  Student’s  paired  t  test  showed  P  values  of  0.06. 

They  noted  an  influence  of  the  GMF  variations  on  the  precipitation  and  agglutination  reactions  in  aqueous 
solutions  and  on  the  Piccardi  test  [24].  Kislovsky  [25],  in  an  attempt  to  explain  the  biovariations  caused  by  GMF 
perturbations,  suggested  the  occurrence  of  dissipative  clathrate  structures  in  the  aqueous  medium  and  on  its 
borders  in  non-equilibrium  conditions.  The  length  of  conservation  of  these  structures  was  taken  as  an  example 
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of  near-critical  phenomena  that  are  close  to  the  temperature  of  phase  transitions  of  the  second  kind:  liquid- 
liquid.  In  such  a  case,  the  phase  transitions  would  be  at  the  lower  critical  temperatures  of  stratification  of  the 
aqueous  solutions,  when  the  elements  of  short-range  order  inherent  in  clathrate  structures  are  abolished. 

Zhvirblis  [26],  being  interested  in  the  influence  of  solar  activity  on  the  biosphere,  paid  attention  to  the 
correlation  of  some  medico-biological  tests  with  the  index  of  GMF  perturbation,  in  which  sector  boundaries  of 
the  interplanetary  MF,  associated  with  the  solar  wind,  were  taken  as  zero.  This  study  revealed  that  the  direction 
along  the  phase  trajectory  contour  changed  when  the  Earth  crossed  the  sector  boundary.  Vladimirsky  and 
Temurjants  [27,28],  on  the  basis  of  the  fact  that  the  Piccardi  test  was  sensitive  to  the  polarity  of  a  radial 
component  of  the  interplanetary  MF,  supposed  that  this  sensitivity  could  be  due  to  the  geomagnetic 
micropulsations  in  the  range  from  0.007  to  0. 1  Hz.  Therefore,  they  presented  a  list  of  principles  concerning  the 
influence  of  weak  ("non-thermal")  and  ultraweak  ("natural")  AC  MFs  on  inorganic  and  biological  systems. 

In  contrast  with  the  opinion  of  Binhi  [29]  who  considered  the  nuclear  magnetic  resonance  as  impossible  in 
biological  magnetoreception,  this  list  re-encouraged  the  idea  of  a  possible  role  of  nuclear  magnetic  resonance  in 
the  GMF  variations.  Hence,  Lednev  and  Coworkers  [30]  suggested  that  the  calcium-binding  proteins  constitute 
the  place  of  primary  action  of  combined  MFs.  In  their  opinion,  these  proteins  cause  a  splitting  of  energetic  levels 
of  the  calcium  ion  oscillation  in  the  protein  (Zeman  effect)  while  the  width  of  the  splitting  is  equivalent  to  the 
cyclotron  frequency  of  calcium  and  the  applied  DC  MF.  On  this  basis,  the  parametric  resonance  was  thought  as 
a  mechanism  for  increasing  ionic  energy.  Moreover,  the  same  Authors  proposed  that  DC,  AC  and  combined 
DC+AC  MFs  can  change  the  polarization  degree,  while  the  biological  effects  of  the  MFs  can  be  induced  by  the 
same  polarization  degree  of  the  calcium  ion  oscillation. 

Binhi  and  Coworkers  [31-33]  studied  the  mechanism  of  the  magnetosensitive  ion  binding  by  proteins,  under 
the  influence  of  external  AC  MFs,  in  the  framework  of  an  idealized  quantum  model.  It  turned  out  that  the 
dissociation  probability  of  an  ion-protein  complex  depends  on  frequency  and  amplitude.  This  was  shown  to  be  a 
consequence  of  the  interference  of  angular  modes  of  the  ion  wave  function. 

Moreover,  attention  was  drawn  on  the  problem  of  the  dielectric  response  of  some  biological  tissues  [34]  (in 
relation  with  the  orientation,  in  a  DC  MF  [35],  of  ions,  molecules  and  cells),  while  Zhadin  [36]  investigated  the 
thermal  oscillations  of  the  calcium  ion  in  a  calcium-binding  protein,  under  the  influence  of  combined  DC+AC 
MFs.  From  the  study  it  emerged  that  the  DC  MF  causes  the  Larmor  procession  of  ion  oscillations.  Since  the 
cyclotron  frequency  is  twice  the  Larmor  frequency,  this  led  to  the  suggestion  that  the  phenomenon  could  serve 
as  a  basis  for  increasing  the  kinetic  energy  of  the  calcium  ion  due  to  parametric  resonance.  In  harmony  with  this 
suggestion,  an  AC  electric  field  perpendicular  to  a  DC  MF  (or  an  AC  MF  parallel  to  a  DC  MF)  was  expected  to 
increase  the  ionic  energy  while  a  maximal  effect  was  expected  at  the  cyclotron  frequency  of  an  AC  MF. 

Zhadin  [36]  tried  to  solve  equations  of  motion  of  the  ion  in  a  macromolecule  under  the  influence  of  the  MFs, 
considering  the  damping  effects  and  the  influence  of  particles  surrounding  this  ion.  In  contrast  with  Lednev  and 
Coworkers  [30]  and  Blanchard  and  Blackman  [21],  he  showed  that  the  possibility  of  parametric  resonance  is  not 
credible  for  the  AC  MF  frequencies,  being  many  orders  of  magnitude  lower  than  the  natural  frequency  of  an  ion 
in  a  macromolecule.  Indeed,  resonance-like  phenomena  were  found  to  be  induced  by  the  influence  of  a  DC  MF 
alone  and  by  a  combined  DC  and  AC  MFs  without  any  parametric  resonance.  Zhadin  [36]  estimated  that  the 
MFs  may  cause  changes  in  energy  of  the  ionic  thermal  motion  which,  in  turn,  would  be  sufficient  to  trigger 
variations  in  the  conformational  state  of  a  macromolecule. 


Does  the  MF-effect  depend  upon  the  complexity  of  given  biostructures  or  biosystems? 

The  debate  was  focused  on  the  theoretical  basis  of  the  MF-action  on  macromolecules  (Fig.  3):  on  the  one 
hand,  it  was  suggested  that  weak  extremely  low-frequency  MFs  affect  intracellular  DNA  directly,  since  the  MFs 
must  exert  a  force  of  the  order  of  IDNA  =  1.6T0'13  A  on  the  currents  that  flow  in  the  DNA  [37];  on  the  other,  it 
was  claimed  that  this  conclusion  is  not  in  agreement  with  physical  principles,  since  the  force  on  the  current 
carrying  strands  generated  for  example  by  a  MF,  B  =  5  pT,  would  be  extremely  weak,  i.  e.  equal  to  F  =  BIDNA  = 
8  10'19  N/m  [38].  In  other  words,  a  motion  of  a  1  mm  long  strand  through  a  distance  equal  to  that  of  the  strand 
diameter  of  2  nm  represents  an  energy  of  1.6T0"33  J  or  3.7T0"13  kT  (hence,  the  energy  transfer  from  the  action  of 
the  MF  on  the  strand  would  be  negligible  compared  to  the  energy  of  thermal  agitation). 
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Whatever  the  conclusion  of  the  debate  will  be,  several  years  ago  we  suggested  that,  at  variance  with  the 
influence  of  a  weak  AC  MF  on  cell-cycle  kinetics  [4]  and  cell  membrane  fluidity  [12],  this  field  is  insufficient  to 
exert  an  appreciable  influence  on  macromolecular  biosynthesis  [41].  This  was  also  in  harmony  with  recent 
studies  concerning,  on  the  one  side,  the  genome  stability  vs.  deprivation  or  enrichment  of  the  GMF  [42]  and,  on 
the  other,  the  gene  expression  in  a  Space-simulating  magnetically  shielded  environment  [43]. 
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Fig.  4.  MF-sensitivity  as  a  function  of  complexity  of  the  irradiated  biological  target,  (a)  Orders  of  organization 
of  biostructures  or  biosystems  invested  by  non- ionizing  radiations:  1.  molecules  and  macromolecules;  2. 
biostructures;  3.  biosystems.  The  size  of  the  areas  reflects  the  results  of  100  experiments,  estimated  from  the 
literature,  performed  by  using  DC  MFs  for  about  30%  and  AC  MFs  for  about  70%.  (b)  Evolution  of 
biosensitivity  to  ionizing  radiations  [85]:  1.  bacterial  cells;  2.  plants;  3.  animals  with  cold  blood;  4.  animals  with 
warm  blood;  5.  Man. 

Therefore,  the  state  of  the  art  suggests  that  the  mechanism  or  the  mechanisms  which  underlie  the  interactions 
of  the  MFs  with  the  biostructures  and  biosystems  (Fig.  4)  are  still  an  open  question  [44].  In  this  respect,  it  was 
suggested  that  the  approach  towards  the  non-equilibrium  thermodynamics  of  the  systems  under  electromagnetic 
(EM)  waves  was  of  primary  importance  [45]. 

It  still  remains  to  be  explained  why  pulsed  EM  fields  can  be  more  active  biologically  than  continuous  ones 
[46].  This  acquires  interest  in  connection  with  the  fact  that  an  alternative  basic  mechanism  of  MF  bioeffects 
could  be  the  forced-vibration  of  all  the  free  ions  in  proximity  of  a  cell  plasma  membrane  caused  by  an  external 
AC  field.  The  model  proposed  by  Del  Moral  and  Coworkers  [47]  explaining  the  bioelectric  activity  of  single 
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unit  neurons  under  DC  and  ELF  MFs,  based  on  the  strong  anisotropy  of  diamagnetic  susceptibility  of  membrane 
phospholipids  acting  cooperatively  (superdiamagnetism),  would  also  seem  to  deserve  special  attention. 


Remarks  on  the  order  of  organization  of  a  biological  target 

The  observations  concerning  the  MF -dependence  of  the  volume  of  a  whole  cell  or  its  nucleus  [4,48]  were 
supported  by  those  regarding  the  MF-dependence  of  the  electrokinetic  properties  of  nuclei  in  human  buccal 
epithelial  cells  [49].  Other  studies  were  devoted  to  the  analysis  of  the  so-called  "electromagnetic  man"  vs.  the 
magnetic  resonance  tomography  [50]  and  of  the  effect  of  MFs  on  synchronization  of  mammalian  cell 
permeabilization  vs.  the  MF-dependence  of  gene  delivery  [51]. 

From  a  methodological  point  of  view,  attempts  were  made  to  employ  the  programmed  chrono-potentiometry 
as  a  tool  to  study  electroporation  and  resealing  of  pores  in  bilayer  lipid  membranes  [52]  while  an  eu-wide 
initiative,  to  characterize  the  biological  effects  of  an  electromagnetic  field  (EMF)  on  human  and  mouse  cell  lines 
by  gene  expression,  was  taken  [53]. 

There  is  a  consensus  about  the  effect  of  MFs  on  cell-cycle  kinetics.  In  fact,  the  changes  of  FL  cell-cycle 
kinetics,  following  the  addition  or  deprivation  of  MFs  (Figs.  1  and  2a, b)  [4],  were  consistent  with  the  alteration 
of  the  onset  of  S-phase  observed  after  a  50  Hz  MF  exposure  of  normal  human  fibroblasts  [54]  and  with  variation 
of  cell-cycle  kinetics  and  colony  forming  ability  after  exposure  of  budding  yeast  to  50  Hz  magnetic  radiation 
[55].  This  was  shown  to  influence,  in  turn,  the  change  in  growth  and  differentiation  of  PC6  cells  exposed  to 
pulsed  EMFs  [56]. 

Although  the  question  about  the  influence  of  MFs  on  the  development  of  programmed  cell  death  remains  in 
many  respects  open  (Fig.  2c),  especially  in  terms  of  the  correlation  of  ion  homeostasis  and  apoptosis  [57], 
investigations  strikingly  suggested  that  the  MF  causes  an  inhibition  of  apoptosis  [58].  In  fact,  Annexin  V  was 
shown  to  counteract  apoptosis  by  inducing  calcium  influx  in  human  lymphocytic  T  cells  [59]  while  it  was 
demonstrated  that  by  using  the  patch  clamp  technique  there  is  an  effect  of  MF  exposure  on  the  calcium  channel 
currents  [60].  It  was  also  suggested  that  membrane  dielectric  changes  may  indicate  induced  apoptosis  in  HL-60 
cells  [61].  In  any  case,  there  was  no  question  about  the  influence  of  the  MFs  on  apoptosis:  a  transient 
suppression  of  X-ray-induced  apoptosis  by  exposure  to  power  frequency  MFs  in  MCF-7  cells  was  evidenced 
[62],  a  change  in  the  rate  of  DNA  repair  due  to  apoptosis  mediated  by  MF  exposure  was  detected  [63],  an 
exposure  of  a  neuroblastoma  cell  line  to  50  Hz  MFs  definitely  caused  changes  in  the  apoptotic  rate  [64]. 

Here  follows  a  list  of  the  harmful  AC  bioeffects  investigated  at  various  levels. 

At  the  morphological  level,  developmental  changes  in  Drosophila  melanogaster  following  exposure  to 
alternating  EMFs  were  observed  [65]  while  effects  of  permanent  MF  on  wing  size  parameters  of  the  same  insect 
were  found  [66]. 

At  the  cellular  level,  there  were  some  effects  of  extremely  low  frequency  EMFs  on  mammalian  follicle 
development  [67].  ELF  EMFs  as  well  as  heat  shock  proved  to  increase  microvescicle  motility  in  astrocytes  [68]. 
In  addition,  it  was  observed  that  both  sedimentation  and  aggregation  of  erythrocytes  were  MF-dependent  [69]. 

At  the  macromolecular  level,  while  stability  of  the  DNA  replication  reaction  to  MFs  was  observed  (Fig.  3), 
electric  relaxation  processes  were  shown  in  lipid-bilayers  after  exposure  to  weak  magnetic  pulses  [70].  In  the 
framework  of  the  studies  on  genotoxicity  of  radiofrequency  signals,  the  occurrence  of  DNA  damage  in  cultured 
human  blood  cells  was  seen  [71]  while  there  were  clear  cytogenetic  effects  of  900  MHz  microwaves  on  human 
lymphocytes  [72].  Also,  there  were  an  increase  in  X-ray-induced  gene  mutations  by  exposure  to  AC  MFs  in  NF- 
kappa  B-inhibited  cells  and  an  increase  in  hypoxanthine-guanine  phosphoribosyl  transferase  gene  mutations  by 
exposure  to  electric  fields  [73].  ELF-pulsed  MFs  modulated  gene  expression  in  myocardial  cells  [74]  while  an 
effect  of  UV  B  radiation  and  100  Hz  EMFs  on  DNA  synthesis  of  Jurkat  cells  was  detected  [75].  As  for  protein 
macromolecules,  there  was  an  influence  of  the  high  ELF  MFs  on  DNA  and  RNA  polymerases  in  vitro  and  on  a 
cell-free  mismatch  repair  [76]. 

At  the  molecular  level,  effects  of  exposure  to  weak  radiofrequency  fields  on  acethylcholine  release  in 
hippocampus  of  freely  moving  rats  were  revealed  [77].  Effects  of  60  Hz  MF  on  the  immune  system  in  wistar  rats 
was  denounced  [78].  Also,  at  the  level  of  ionic  events,  factors  distorting  cytosolic  calcium  measurements  in 
Jurkat  cells  during  exposure  to  ELF  MFs  were  revealed  [79]  while  there  was  a  calcium  spiking  in  ROS  17/2.8 
cells  exposed  to  ELF  EMF  [80]. 
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The  hypothesis  suggesting  that  the  rescue  of  damaged  cells  may  be  the  mechanism  explaining  why  MFs, 
which  are  not  mutagenic  per  se,  are  often  able  to  increase  mutation  and  tumor  frequencies  [58],  is  being 
considered  in  a  number  of  laboratories.  As  a  matter  of  fact,  there  seems  to  be  a  general  consensus  on  MFs  which 
may  be  indeed  correlated  with  cancer  [81].  Effects  of  a  50  Hz  MF  exposure  were  also  observed  on  tumor 
experimental  models  [82].  The  correlation  of  the  MF  action  with  cancer  must  also  be  added  to  the  general 
concern  about  the  harmful  effect  of  MFs  on  human  health. 


Summary 

Both  old  [1-16]  and  new  [83]  contributions  continue  to  recognize,  on  the  one  hand,  that  the  mechanisms  of 
the  MF-bioeffects  are  not  yet  understood  [84]  and,  on  the  other,  pave  the  way  towards  the  assumption  of  an 
inverse  correlation  between  the  degree  of  MF-sensitivity  and  the  order  of  complexity  of  the  biological  target 
(Fig.  4a).  Such  a  hypothesis,  by  analogy,  could  be  judged  in  the  framework  of  the  known  inverse  correlation 
existing  between  the  intensity  of  the  ionizing  radiation  and  the  evolutionary  state  of  the  species  (Fig.  4b)  [85].  In 
other  words,  although  both  AC  and  DC  MFs  do  not  cause  electron  movements  inside  the  atom,  their  final  action 
might  depend  on  peculiar  ontological  and  phylogenetic  features  of  biodiversity.  This  idea  emerged  particularly 
from  the  comparison  of  the  interactions  between  the  MFs  and  the  living  matter  at  the  molecular,  tissue  and  total- 
body  levels  [84].  In  fact,  at  variance  with  cell-cycle  kinetics  and  cell  membrane  molecular  dynamics,  which 
unequivocally  depend  upon  low-ffequency/low-intensity  MFs  [4,12],  the  single  molecular  reactions,  as  some  of 
those  occurring  in  gene  expression,  react  to  these  fields  to  a  lesser  extent  [41-43].  An  interest  of  the  differential 
response  to  MFs,  evolving  as  a  function  of  the  biological  complexity,  would  also  appear  if  one  correlated 
Markov’s  “biological  windows’’  [86]  with  the  heterogeneous  MF-sensitivity  established  for  the  various  cell-cycle 
stages  [4,54]  and,  thus,  for  the  whole  cell  proliferation  process. 
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Abstract 

We  report  about  a  developed  model  of  single  neurone  dynamics  from  where  we  calculate  the  effects  of  low 
frequency  (ELF)  magnetic  field  (MF)  upon  single  neurones  and  simple  neurone  networks.  Calculations  are  based 
on  the  membrane  phospholipids  (PP)  superdiamagnetism  and  Ca2+  coulomb  explosion  model  and  on  an 
extension  of  the  Flodgkin  &  Fluxley  (HH)  equation  under  MF.  Integration  of  HH  equation,  under  AC  MF 
application,  by  assuming  the  membrane  as  a  Kirchoff  electrical  knot,  and  within  the  relaxation-time,  x 
approximation  for  the  HH  n(t),  m(t)  and  h(t)  characteristic  conductance  functions  have  been  performed, 
obtaining  the  theoretical  time  dependence  of  membrane  voltage  for  hyperpolarization  (FI)  and  depolarization  (D) 
processes,  so  allowing  a  determination  of  K+,  xK,  and  Na+,  xNa  relaxation  times.  Calculated  frequency  spectra  of 
single  bioelectric  impulse  FI  and  D  voltages  are  lorentzians,  as  experimentally  observed  in  single  unit  neurones 
of  mollusc  Helix  aspersa.  On  the  other  hand  a  model  which  explains  the  frequency  window  effect  (FWE)  in 
neural  tissue  is  developed,  explaining  Bawin  &  Adey’s  first  FWE  observation  in  chicken  brain  and  also  our 
observations  of  FWE  in  mollusc  Helix  aspersa,  both  respectively  showing  lorentzian  dependencies  for  Ca2+ 
efflux,  c|)(fM)  and  bioelectric  frequency  /(fM)  with  AC  MF  frequency,  fM  i.e  a  resonance  when  spontaneous 

/o=  fM- 


1.-  Introduction.- 

In  the  bioelectric  activity  of  neural  tissue,  either  spontaneous  or  under  applied  magnetic  field  (MF)  there 
appear  two  issues:  the  generation  and  structure  of  the  bioelectric  impulse  and  the  frequency  of  it,  to  which  we 
should  add  the  sinusoidal  or  alternating  (AC)  MF  induced  firing  correlation  observed  between  neurones  or  AC- 
MF-synchronization  effect  (1).  The  generation  of  the  impulse,  after  the  refractory  time,  is  one  of  the  main 
problems  of  neurone  physiology,  during  which  the  ATP-Na/K  pumps  operate.  The  process  by  which  the  impulse 
starts  it  is  thought  to  be  the  result  of  small  sub-threshold  voltages  sum  up  to  a  threshold  voltage,  Vs  where  the 
depolarization  (D)  process  starts,  with  the  entrance  of  Na+  ions  to  the  cell,  through  voltage  activated  Na+- 
channels.  We  are  not  going  to  treat  here  this  problem,  but  about  the  time  shape  of  the  impulse  once  it  is  formed, 
dividing  it  in  D  and  hyperpolarization  (FI,  due  the  sorting  out  of  KTions  through  delayed  rectifier  voltage- 
operated  K+  -channels).  The  MF  effect  on  electrogenic  pumps,  which  promote  the  entrance  of  3  K+  ions  against 
the  sorting  out  of  2  Na+  ions,  making  the  membrane  going  to  the  resting  potential,  was  already  considered 
elsewhere  (2),  so  completing  the  full  scenario.  The  MF  effect  on  the  refractory  process  is  the  decrease  of  impulse 
D  amplitude.  All  those  impulse  parts  we  will  see  are  explained  by  the  integration  of  the  Fluxley  &  Flodgkin 
(HH)  equation  (3),  supplemented  by  the  MF  produced  Ca2+ current,  that  has  been  done  by  assuming  the 
membrane  as  a  Kirchoff  electric  knot,  instead  of  as  a  parallel  conductances  network  as  done  so  far  (4). 
Regarding  to  the  second  issue,  the  neuron  impulse  frequency,/ strongly  changes  with  the  MF  intensity,  B  and  in 
the  case  of  AC  MF  with  the  RMS  field  intensity,  Bcff  =  B0/ sjl  ( B0  is  the  AC  MF  amplitude)  and  also  with  the 
AC  MF  frequency,  /M .  With  all  those  models  we  have  conformed  a  full  picture  of  the  single  unit  neurone 
bioelectric  behaviour,  either  for  spontaneous  regime  or  under  AC  MF,  this  of  extremely  low  frequencies  (ELF). 
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2.-  Superdiamagnetism  (SD)  and  Ca!+coulomb  explosion  (CE)  model  under  AC  magnetic  fields.- 

The  explanation  of  above  effects  will  be  based  on  the  membrane  phospholipid  (PP)  superdiamagnetism 
(SD)  and  Ca2+  coulomb  explosion  (CE)  model  (5,  6).  This  model  has  been  widely  tested  in  single  neurones  and 
simple  neurone  networks  under  static  and  ELF  MF  respectively,  where  in  the  latter  the  MF  also  induces  a 
synchronized  bioelectric  activity  within  those  networks  (1,  7).  The  model  contemplates  three  ingredients:  i)  the 
anisotropy  of  the  diamagnetic  susceptibility  tensor  components,  y  U  0)  of  the  long  PP  “rods”,  or  difference 
AX  =  X||  -y±,  between  the  directions  parallel  (||)  and  perpendicular  (_L)  to  the  PP  axis;  ii)  the  well  proved 
cluster  formation  in  the  membrane  liquid  crystal  of  correlated  PP  long  axes  through  their  electric  quadrupolar 
moments,  Q  interaction,  of  pair  (i,  j)  correlation  function  CQ  -  (6,0,)-  (0 ,)((),),  by  which  the  PPs  cooperatively 
rotate  out  from  the  MF  B  axis  (SD;  PP  electric  dipolar  moment  is  very  weak).  (...)  is  the  ensemble  thennal 
average.  The  correlation  length,  £,  usually  exceeds  a  single  neurone,  via  the  PPs  of  the  interposed  glia 
membranes  between  neurones,  and  through  the  gap  junctions  (8);  iii)  when  the  Ca2+  ions  attached  to  their  PP 
bilayer  inner  and  outer  binding  sites  (polar  heads)  happen  to  be  nearest-neighbours  (NN,  in  number  Nnn  per 
cluster  face,  with  estimated  N nn  s  0.007  N.,  N  being  the  PP  number  per  cluster),  and  the  NN  PPs  suffer  opposite 
(with  clearly  1/2  probability)  magnetic  torques  t m  =  ±  mx  B,  the  weak  ionic  bindings  are  broken  by  their  mutual 
coulomb  repulsion,  of  energy  Scoul.  This  produces  a  simultaneous  detaching  (coulomb  explosion,  CE)  of  Ca2+ 
pairs  (see  Fig.l  for  a  view  of  the  mechanisms  involved).  Note  that  the  Ca2+  water  solvating  and  dielectric  mem- 


Fig.l.-  Schematic  view  of  the  mechanisms  involved  in  the  SD-CE  model.  The  circular  shell  represents  the  membrane  neurone 
phospholipid  (PP)  bilayer.  Two  nearest-neighbour  Ca2+ -charged  phospholipids  (rods)  rotate  under  their  assumed  opposite  magnetic 
torques,  approaching  the  Ca2+  ions  (black  circles),  attached  to  the  PP  negatively  charged  heads  (lozenges).  The  ions  become 
simultaneously  detached  from  the  membrane  surfaces  when  their  weak  ionic  bonds  to  the  heads  are  broken  due  to  Ca2+  -  Ca2+  coulomb 
repulsion.  Within  the  cytosol  the  Ca2+  ions  diffuse  towards  the  K+ -protein  channels,  which  are  opened  when  Ca2+is  captured  by  the 
“gate”  molecule  (calmodulin),  giving  rise  to  the  K+  outwards  current  (hyperpolarization). 


brane  negative  electric  images  formation  reduce  the  Ca2+  effective  charge  to  only  qef  £  0.025  qca2+,  making  the 
ionic  bond  energy,  ebind  rather  weak.  But  since  sbinci  is  supplemented  by  the  water-PP  surface  tension  energy  the 
bond  becomes  stable  against  normal  to  the  surface  thermal  fluctuations  (of  energy  (l/2)kBT  =  8  meV  at  r.t.)  (5). 
m  =  y  H  is  the  field  induced  diamagnetic  PP  magnetic  moment  and  it  rotates  out  from  B  axis  because  |x||  |  >  | /_  |, 

therefore  alternatively  approaching  the  NN  Ca2+  charged  PP  heads  (Fig.l).  The  PP  magnetic  energy  is  given  by 
sm  =  -(l/2|u0)B2(y±  +  Ay  cos29)V,  where  0  is  the  angle  formed  by  the  PP  axis  with  B  and  xm  =  -(A^/bOjO , 

which  acts  against  the  opposite  coulomb  repulsion  torque,  x  r  =  -(/Umll  (8)/b0))0  (V  is  the  PP  volume).  Under  AC 
MF  the  scenario  is  the  detaching  from  the  cluster  of  gaussian  bursts  of  Ca2+  ions  for  about  half  a  MF  cycle,  since 
the  magnetic  torque  is  oscillatory,  i.e.  xm  =  (l/2p,,)B;;  Ay  sin20(t)  sin2coMt  .  The  Ca2+  detaching  occurs  when 

Nm  (Kc,„,!  (0)~£i„nd)+  N.en(0)  =  0 ,  a  condition  that  allows  to  weak  MF  to  detach  about  7  Ca2+per  10 3  PP  for  large 
enough  N_  (5,  6).  Note  that  the  small  qdf ,  the  interposed  membrane  dielectric  constant  (  er=  2.6)  and  the  final 
Ca2+-Ca2+  approaching  distance  dr  =  5.3nm  yield  a  small  energy  £coui(0f)=(l/47i  Gre0)(q)ff/d()  at  the 
coulomb  explosion  angle  0r.  The  MF  detaching  process,  which  occurs  within  a  spherical  apex  of  120°  around  B, 
produces  a  cytosol  Ca2+  concentration  about  ten  times  the  normal  one  and  similar  to  the  produced  one  in  the  D 
process  (see  (6)  for  greater  detail). 
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The  main  result  from  the  SD-CE  model  (5,  6)  is  the  field  intensity  dependence  of  the  neurone  bioelectric 
frequency,  f(BdI,T).  This  frequency  is  controlled  by  chemistry  mass  action  law  between  Ca2+  and  membrane 
binder  radical,  R  (sialic  acid  outside  and  phosphatidylserine  inside),  i.e.  [Ca2+][R  ]  =  k(T,Bdl.)[CaR],  where  k 
is  the  kinetics  constant.  Thus/  oc  |r  ]  becomes  inversely  proportional  to  the  number  of  Ca2+  ions  detached  per 
cluster,  Nc  2t  =  Nnn  exp(-AEc/kBT),  where  AEc(0)  =  -(Ncem  +Nmecoul)  is  the  dynamic  Peierls’s  energy  barrier 
to  be  overcome  by  the  Ca2+  ion  in  order  for  the  PP  to  steadily  rotate.  Moreover  under  AC  MF  the  FI  process 
(where  the  cytosol  becomes  more  negative  due  the  K+ions  sorting  out)  is  modified  by  the  Ca2  ions  (in  number 
of  four)  binding  to  the  Kf  protein-channel  (more  specifically  to  the  calmodulin  “gate”  molecule)  and  opening  it 
due  to  the  calmodulin  electrical  unfolding  (9).  Therefore  it  should  be  f  oc  y N_  2+ ,  to  first  order.  Summing  now 

N'  ,  from  all  the  PP  clusters  in  membrane  (s),  the  final  result  is  that  the  neurone  bioelectric  frequency  varies 
with  RMS  MF  as  (5,  6) 

f(Beff,T)=f(0,T)exp(-aB2ff),  [1] 

where  f(0,T)=f0  is  the  spontaneous  frequency  and  the  parameter  a  =  Nc|%±|V/2p0kBT,  that  encompasses  the 
PP  cluster  physical  properties  and  membrane  temperature,  T.  As  mentioned  before  for  ELF  AC  MF  (quasistatic) 
we  have  introduced  in  [1]  the  RMS  Befr,  since  magnetic  energy  density  stored  in  the  membrane  is  B(t  )  /2ii0 ,  of 
time  average  B2ff/2|i0.  Eq.[l]  has  been  widely  and  firmly  tested  in  single  neurones  of  Helix  aspersa  for  static 
(5)  and  ELF  weak  MF  (1,11)  and  for  T  modification,  by  using  standard  microelectrode  transmembrane  voltage 
real  time  recording  technique.  In  fact  for  weak  ELF  MF  the  observed  /  in  Helix  neurones  follows  a  dependence 
f(Berf ) -  f(0)(l  -  aB which  precisely  is  the  obtained  one  by  performing  a  series  expansion  of  [1]  for 

aBdf  « 1  (1).  Regarding  to/ (T)  dependence,  preliminary  observations  in  mapped  Helix  neurones  F47  and  F2 
show  that /first  decreases  with  increasing  T  at  fixed  Beff,  in  disagreement  with  eq. [  1]  (see  Fig. 2).  The  reason  is 

that  those  neurones  belong  to  the  «  26%  of 
studied  ones  where  /  increases  with  increasing 
Befr  (6).  The  responsible  mechanism  is  that  the 
by  MF  detached  Ca2+  ions  depolarize  the 
membrane,  cytosol  becoming  more  positive,  so 
opening  Na+  and/or  Ca2+  channels  operated  by 
voltage.  Also  D  amplitude  Vd  decreases,  the 
calculated  variation  in  Vd  being  AVd(Befr)=, 
-(4jc/Nc)ep  exp(+aB2ff),  where  Ep  is  the  pump 
e.m.f.  ,  due  to  opposite  to  PP  protein  pump 
rotation  (since |%n  |  <  |%±|),  where  PP  partially 

cover  the  protein  pump  (2).  Also  observed  are 
two  transitions  in  the  form  of  increasing  / 
within  a  AT  small  interval,  at  Tfl  «30°C  and 
Tf2  «  37°  C,  corresponding  to  phase  transitions 
within  the  membrane  liquid  crystal.  After 
second  transition  /  decreases  with  T  increase, 
now  in  agreement  with  [1],  although 
temperature  behaviour  requires  deeper  inves¬ 
tigation,  and  PP  liquid  crystal  viscosity  energy 
dissipation,  sv  =-riI(T)9(t)  introduction  in  SD  - 
CE  model  (  qr  is  the  viscosity  coefficient). 
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Fig. 2.-  Temperature  effect  for  neurone  F47  bioelectric 
activity.  Transitions  at  30°C  and  37°C  are  observed. 


3.-  Biolectric  impulse  shape  and  frequency  spectrum.- 

The  D  and  FI  main  trams  of  bioelectric  impulse  (Fig. 3)  in  neurones  are  controlled  by  the  well  known 
Flodgkin  &  Fluxley  equation  (3).  This  equation  has  been  usually  referred  to  an  equivalent  electric  circuit  of  in 
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parallel  conductances,  membrane  capacitance,  Cm  and  DC  generators,  the  latter  being  the  equilibrium  Nersnt 
Na+and  K+e.m.f.,  ENa  and  EK,  due  to  the  ions  electrochemical  gradients.  Consideration  of  this  network  by 
meshes  does  not  allow  its  solution,  and  we  will  consider  the  membrane  as  a  knot  where  the  currents  concur 


Fig.3.-  Neurone  V-14  impulse  of  Helix  ,  with  D,  R  and  H  trams.  Fig.4.-  Membrane  equivalent  Kirchoff  electric  knot. 

(Fig. 4).  Therefore  HH  equation  takes  the  knot  law  of  charge  conservation  (no  charge  accumulation  in 
membrane), 

Cm(dV/dt)+gNam(t)3h(tXV-ENa)+gKn(t)4(V-EK)+gL(V-VL)-ICa(Beff,t)=0  ,  [2] 

where  V  is  the  transmembrane  voltage,  g  (i  =Na,  K,  L)  the  channels  conductances,  m  and  n  are  the  HH  channel 
excitatory  and  h  inhibitory  functions,  of  microscopic  origin  not  yet  well  known,  although  the  phenomeno¬ 
logically  needed  powers  four,  point  out  to  four  independent  processes,  acting  for  the  opening  (m,  n)  and  closing 
(h)  of  corresponding  channels.  Leakage  (L)  channels  and  ligand  operated  ones  are  probably  responsible  for  the 
setting  of  the  threshold  voltage,  V,  but  current  through  them  is  weak  and  here  neglected.  Finally,  HH  currents 
have  been  supplemented  by  the  Ca2+ current  produced  by  MF  (I III  magnetic  (HHM)  equation).  We  will  solve 
eq.[2]  in  the  relaxation  time,  r,  approximation  for  the  HH  functions,  where  e.g. 

dn/dt=-n(t)/xK  [3] 

where  n(t)  is  assumed  to  be  proportional  to  the  number  of  K+ -channels  which  remain  closed  at  time  t. 
Integration  of  [3]  taking  t  =  0  at  the  beginning  of  repolarization  (R)  plus  H  process,  yields  n(t)  =  n0  exp(-t/xK). 
Similarly  taking  t  =  0  at  the  beginning  of  D  process  we  obtain  that  function  m(t)=  m0  exp(-t/xNa).  Otherwise 
the  inhibition  function  at  D  process  follows  the  equation  dh/dt  =+h(t)/xinl ,  of  integral  h(t)  =  h0  exp(+t/xjnh). 
We  will  now  obtain  the  membrane  voltage  V(t)  dependence,  partitioning  the  impulse  in  the  mentioned  regimes. 

Repolarization  and  hyperpolarization:  these  two  processes  follow  one  after  other  and  it  is  well  known  that  in 
the  R+H  process  only  K+-channels  are  open  and  therefore  [2]  becomes,  Cm(dV/dt)+ gKn(t)  (V- EK)- 
ICa(Brff,t)=  0,  which  integration  after  substitution  of  n(t)  yields 

VK(t)=  EK+(ENa-EK)exp^(gK<xK/4CmXl-e-4^)+  {>'  ICa(Beff,t  )/(VK(t  )- EK)],  [4] 

which  is  an  integral  equation  with  kernel  ICa(Brff,t).  We  will  show  below  (from  [1]  and  [9])  that  ICa(Beff,t)  = 
-(N(0)f(Beff  =  0)qCu/xCa)  exp  (-a  B  2ff  X x  P  (- 1  /  x ,  ;l ) ,  where  N(0)  is  the  initial  Ca2+  ion  number  in  a  burst  and  xCa 
the  Ca2+  relaxation  time  (diffusion  time  in  the  cytoplasm)  (t  origin  in  [4]  is  taken  at  V(t)  =  ENa,  origin  of  R).  For 
comparison  with  experimental  results  in  single  neurones,  it  is  useful  to  work  in  frequency  domain,  ro,  so  that  we 
will  obtain  the  frequency  spectrum  of  spontaneous  impulse  VK(t).  Fourier  transform  of  [4]  exp[...]  function  is 
unknown,  but  for  t  <  xK  first  exponential  can  be  series  expanded,  so  obtaining 

VK(t)  *  Ek  +(ENa  -  EK)[l  -  (gKnX/4CmXl  “  ^)+  I>  )/(VK(t  )-  EK)].  [5] 
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The  (»  spectrum  of  [5]  spontaneous  VK(t)  ( ICa  =  0 )  is  obtained  by  Fourier  transforming  VK(t)  around  a  central 
frequency  (£>*,  characteristic  of  the  impulse,  yielding  (except  for  a  Dirac  d(o)  -  coA  artefact  introduced  by  the 
exponential  series  cut-off) 

VNa(®)=A*/[((O-(B*0)2+(A(B/2)2]  ,  [6] 

where  A*  =  gKn„TK/4Cra  and  Aca/2  =  2ji/xk  the  HMHW,  which  provides  xK.  Therefore  the  impulse  spectrum 
is  the  familiar  lorentzian  function,  taking  its  maximum  value  at  co  =  oo* .  Eqs.  [5]  and  [6]  can  be  easily  extended 
to  the  real  situation  of  having  different  types  of  K+ -channels  (up  to  seven  in  Helix  aspersa  (13)),  but  this 
extension  is  not  suitable  for  comparison  with  the  impulse  because  of  the  too  large  number  of  parameters 
involved. 

Depolarization:  this  process  follows  after  the  refractory  time  and  threshold  voltage  establishment,  and  since 
involved  Na+  channels  are  operated  by  voltage,  inclusion  of  Ca2+  current  sums  only  a  term  to  VNa(t).  But  also 
retarded  in  time  K  channels  are  opened,  although  being  in  small  number  during  D  tram  their  current  can  be 
neglected.  The  HHM  relevant  equation  is  then  Cm(dV/dt)+gNam(t)  h(t)(V-ENa)-ICa(Bcfr,t)=  0,  which  in 
presence  of  MF  yields  another  integral  equation.  Integration  followed  by  the  first  exponential  expansion  as 
before  yields 

VNa(t) *  ENa  [l - (gNamXxeff /3Cm)exp(-t/xeff)+  \'dt  ICa(Beff,f  )/(VNa(t  )- ENa)] ,  [7] 

where  the  relaxation  time  is  given  by  x^  =  x~a  - xT^/3,  since  the  inhibition  and  activation  are  independent 
processes.  As  before  the  ro-spectrum  of  spontaneous  VNa(t)  is  lorentzian  of  Aro/2  =  2jx/xeff ,  and 
A*  s  gNam2h0xefr/3Cm .  Extension  to  different  kinds  of  Na+-channels  is  not  worthwhile  because  of  above 
mentioned  reason. 

Comparison  with  experiments  in  single  neurones:  we  will  compare  our  HHM  model  with  electrophysiological 
experiments  performed  on  Helix  aspersa  single  unit  neurones,  a  good  bench  for  present  studies.  Thus  in  Fig. 5  we 
present  the  spontaneous  (Bcll  =0)  R+H  potential  time  variation  for  two  mapped  neurones  (14),  fitted  by  the 
approximate  solution  [5],  the  agreement  being  reasonable,  but  where  we  do  not  reproduced  the  sigmoidal 
variation  at  the  ends,  due  to  the  series  cut-off  in  [4].  The  more  “accurate”  used  “sigmoidal”  fit  by  (l-e~t/,K)  is 
also  shown,  but  its  basis  is  purely  phenomenological.  We  took  EK  =  -75mV,  ENa  =  +50  mV  (this  e.m.f.  rectified 
by  the  delayed  K+  channels),  gK  =  1.6  x  KT7irf2  fU2  and  Cm  =  4xlO~2Fnf:,  and  from  the  fits  we  obtained 
the  n0and  xK  values  quoted  in  Table  1.  Clearly  we  can  not  identify  nn  with  the  number  of  K-protein  channels 
(KP),  with  a  density  of  «  7  KP/pm2,  which  for  a  neurone  of  100  pm  diameter  yields  «  2xl04  KP.  In  Fig. 6  we 
show  the  frequency  spectrum  of  a  bioelectric  impulse  of  neurone  V19,  together  with  the  fitted  theoretical  one  by 
eq.  [6]  ,  using  the  parameter  values  of  Table  1  the  agreement  being  excellent,  the  same  happening  for  other 
neurones  (not  shown).  Under  applied  AC  MF  we  have  observed  that  shape  of  the  impulse  becomes  unmodified, 
which  means  that  the  solution  of  full  integral  eq.[4]  is  not  needed.  Integral  eqs.  [4]  and  [7]  can  be  easily 
transformed  into  second  order  linear  differential  equations  of  well  known  solutions,  not  given  here. 
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Fig. 5.-  Experimental  (O)  and  model  (thick  line)  R+H  time  variations  for  neurones  F2  and  V19;  sigmoid  (thin  line). 


Fig.6.-  Frequency  spectrum  of  R+H  tram  impulse.  Experiment  (v) 
and  model  fit  (full  line). 


Similarly  in  Figs.  7  we  show  the  D  voltages 
for  the  same  neurones  impulses,  fitted  by  [7], 
using  the  above  parameter  values  and 
gNa  =  1.9x  l(T7m  2Q  2,  from  the  fits  obtai- 

(3  \'/4 

m;h0  V  and  ieffquoted  in 

(3  A1/4 

m0h0)  are  larger  than 
n0  ones,  and  same  above  consideration  apply 
to  them.  Also  sodium  xeff  are  larger  than  xK, 
although  in  the  impulse  times  ts<tb 
because  VNa(t)  is  interrupted  at  the  smaller 
(abs.value)  ENathan  EK  for  VK(t).  In  Fig. 8 


is  shown  the  frequency  spectrum  of  VNa(t)for  neurone  V-19,  and  the  fit  by  the  corresponding  lorentzian.  D 
voltage  is  unmodified  by  applied  AC  MF  and  again  solving  of  R+D  equation  under  MF  with  ICa  term  is  not 
needed. 


time  (ms) 


time  (ms) 


Fig.  7.-  Ibidem  Fig. 5  for  the  depolarisation  (D)  process;  lines:  thick,  model  fit;  thin,  sigmoid. 


Overall  our  HHM  model  explains  well  the  spontaneous  time  dependence  of  the  bioelectric  impulse  and  its 
frequency  spectrum.  Demonstration  that  AC  MF  produced  voltage,  VCa  is  negligible  is  a  mathematical  problem 


Table  1.-  Initial  values  of  n,  m,  and  h  HH  functions  and  K+  andNa+relaxation 


times. 


Neurone 

n0 

XK(ms) 

(mxr 

Xeff(mS) 

FI 

200 

33.0 

51 

92.7 

F2 

188 

49.4 

45 

149.9 

V3 

202 

45.0 

49 

109.6 

V14 

272 

12.4 

58 

57.0 

V19 

155 

156.7 

41 

222.8 

of  HHM  differential  equa¬ 
tion  resolution  as  men¬ 
tioned  before.  As  we  will 
see  in  Section  3,  the  main 
effect  of  I0i(B  ir,t)  is  upon 
the  neurone  bioelectric 
frequency. 


Fig.8.-  Frequency  spectrum  (v)  for  impulse  depolarization  of 
neurone  V-19.  Line  is  the  lorentzian  fit,  L(f). 


4.-  Magnetic  field  frequency  dependence  of  biolectric  activity:  frequency  window  effect.- 
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The  experiments  initiated  in  1975  by  Adey  and  co.  (15)  about  the  effects  of  ELF  MF  upon  neural  tissue 
are  a  breakthrough  in  the  understanding  of  how  AC  ELF  MF  interacts  with  this  tissue,  apart  from  its  negligible 
Joule  heating.  They  prepared  newborn  chicken  brain  slices  and  embedded  them  in  a  physiological  HCO ,  water 
solution  doped  with  radioactive  45Ca2+  as  marker.  The  tissue  was  then  irradiated  with  a  radiofrequency  (RF)  field 
of  147  MHz,  amplitude  modulated  by  an  ELF  MF  (of  amplitude  25  -  30  nT)  in  the  interval  0.5  -  35  Hz, 
observing  an  increase  of  45Ca2+  efflux  from  the  tissue.  The  experiments  demonstrated  two  things:  i)  the  RF  (147 
MHz)  electromagnetic  field  (EMF)  does  not  produce  a  measurable  efflux  increase;  ii)  a  calcium  efflux  increase 
was  observed  for  the  tissue  irradiated  with  the  modulated  wave,  but  only  within  an  interval  of  about  5-25  Hz,  so 
called  frequency  window  effect  (FWE)  (see  Fig. 9).  Recently  we  have  found  a  FWE  in  Helix  aspersa  brain, 
irradiated  with  microwaves  of  9.6  GHz  amplitude  modulated  between  2-25  Hz.  Since  Ca2+  electrochemical 
gradient,  ECa  displaces  these  ions  to  the  cell  interior,  the  observed  efflux  was  interpreted  as  Ca2+  liberation  from 
the  external  membrane  surface.  FWE  was  afterwards  found  in  many  other  kinds  of  cells  and  experimental 
conditions  (see  (6)  for  a  review),  in  particular  for  the  bioelectric  frequency,  f  dependence  with  the  applied  ELF 
MF  frequency,  fM  in  Helix  aspersa  single  neurones  (16).  Our  new  observation  is  that  the  calcium  efflux  closely 
follows  a  lorentzian  curve,  written  now  in  the  normalized  form, 

K®M)=(l)(®oXA(n/2)2/[(®M-roo)2+(A®/2)2]  >  [8] 

where  a>0  is  the  frequency  at  the  maximum  efflux  (|)(oj(i).  Effectively,  in  Fig. 9  the  continuous  line  is  the  fit  by 
[8]  to  the  experimental  calcium  efflux  (v  points),  and  where  f0  =  co0/2  n  =  14  Hz  and  Af  =  Ago/2ji  =  14.8  Hz. 


Fig. 9.-  The  points  (v)  are  the  experimental  45Ca2+  efflux  increase  from  chicken  brain  under  application  of  147  MFlz  EMF  carrier 
(intensity  0.8  mW/cm' ),  amplitude  modulated  by  a  MF  of  frequency,  fM  between  0.5-35  Flz  and  II  ((  =30  nT  ( 15).  The  curve  is  the 
theoretical  lorentzian,  fitted  according  to  the  model  eq.[8]  (symbols  C  (o)  and  U  (>.}  respectively  correspond  to  control  and 

unmodulated  EM  wave  experiments). 


The  quantitative  explanation  of  such  a  FWE,  although  profusely  mentioned  and  discussed  since  then 
(6),  has  remained  unknown.  Although  those  workers  considered  that  the  electric  field  of  the  ELF  EMF  was  the 
responsible  for  the  effect,  it  seems  now  clear  that  it  is  the  MF  the  responsible  one  (16).  This  conclusion  also 
stems  from  our  experiments  performed  upon  single  neurones  of  Helix  aspersa,  submitted  to  an  AC  MF,  of 
amplitude  Bo=0.1pT-l  mT  in  the  range  of  0.1  -  80  Hz.  We  observed  for  «  56%  of  the  neurones  studied  a 
decrease  in  their  bioelectric  frequency,  f  with  the  increase  of  MF  frequency,  fM  (roM  =2nfM),  and  that  the 
frequency  dependence  a>(a>M)  follows  a  lorentzian  function  as  well,  i.e.  there  appears  a  FWE  too.  Moreover  in 
other  experiments  at  the  fixed  frequency  of  50  Hz  and  with  variable  amplitude  AC  MF,  we  found  a  decrease  of 
the  bioelectric  frequency  with  field,  of  the  form  [1]  for  also  about  56%  of  the  neurones  studied  (1,  11). 

The  lorentzian  frequency,  fM  dependence  either  of  the  calcium  efflux  to  the  extra-cellular  fluid  from 
chicken  neurones,  c|>(o)  VI )  or  the  bioelectric  frequency  dependence  f(fM)  in  Helix  aspersa  neurones  suggest  a 
common  origin  for  the  time  dependence  of  the  mechanism  involved  in  the  Ca2+  ions  detaching  from  their 
binding  sites  and  their  final  sequestration  or  capture.  This  dependence  merely  is  that  the  amount  of  Ca2+  ions 
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either  freed  to  the  external  or  to  the  cytosol  sides  from  the  membrane  must  vary  in  the  form 

N(t)=N(0)exp(-t/xCa)  ,  [9] 

for  an  applied  ELF  MF  starting  at  t  =  0.  This  is  so  because  the  Fourier  transform  of  a  lorentzian  function  is  an 
exponentially  time  decaying  function  (i.e.  a  relaxation  mechanism),  with  relaxation  time  xCa  =2/Af ,  as  we  have 
shown  in  Section  2.  This  is  our  main  point  in  favour  of  a  resonance  effect  for  the  FWE.  The  time  xCa  is  the  one 
required  for  performing  the  process  of  Ca2+  liberation  from  membrane  binders,  mainly  Ca2+  diffusion  within  the 
external  or  cytosol  fluids  and  final  Ca2+  sequestration  either  by  a  protein  channel  (or  by  other  cytosol  structures) 
or  incoming  to  the  radioactivity  counter  for  the  externally  freed  45Ca2+  ions.  In  their  diffusion  the  Ca2+  ions 

traverse  a  RMS  distance  J(f)  =-\jo  xCa ,  the  one  for  a  random  walk,  where  D  is  the  diffusion  coefficient  of  the 
ion  in  the  fluid  (17).  Therefore  we  come  up  with  N(t)  obeying  a  dynamic  equation  of  relaxation  dN/dt  =  -N/xCa, 
as  we  would  expect  for  a  two  states  system  (freed  Ca2+  and  bonded  Ca2+  to  its  sites)  in  thermodynamic 
equilibrium,  with  Ca2+  decay  between  the  two  states.  For  the  Ca2+  ions  freed  to  the  extra-cellular  fluid  they  will 
end  up  fully  thermalized  and  dissolved  in  it,  increasing  its  concentration  (45Ca2+  efflux  in  Adey  &  Bawin’s 
experiment).  For  the  Ca2+  ions  liberated  to  cytosol,  they  will  diffuse  and  finally  will  have  a  certain  probability  of 
being  captured  by  a  K+ -protein  channel  through  the  calmodulin  attractive  electric  field,  EpK  (see  Fig.l). 

We  can  quantitatively  express  the  above  considerations  by  Fourier  transforming  the  observed  lorentzian 
function  L(com),  which  represents  either  the  efflux  <|)(ff>M)  or  the  bioelectric  frequency  co(co M )  dependencies, 
around  the  neurone  spontaneous  frequency,  cb0,  i.e. 


N(t)=  I  L(®M)®(B=ff  =  0)exp(-aB2f)exp(-i(coM  -co0»dcoM  = 

-Hjp  ry 7  ^ 

®(Bcff  =  °)  exp(-aB2ff )  J  - ~  - - — T  exp(-i(coM  -co0»droM  =  o(Bcfr  =  0)  exp(-aB2A  exp(-t/xCt). 

-*(coM-co0)  +(Aco/2) 


[10] 


If  we  now  call  N(0)=co(Bcff  =  0)exp(-aB2ff)  to  the  initially  (at  t  =  0)  detached  Ca2+  ion  number  within  a  burst,  we 
end  up  with  the  Ca2+  relaxation  [9]  (note,  in  [10]  co(Brff=0)  is  dimensionless).  Since  xCa  is  related  to  Am/ 2, 
which  is  experimentally  accessible  from  the  spectra  L(com),  we  can  determine  that  time  from  experiment. 


The  central  frequency  0)0  in  [10]  is  assumed  to  be  the  spontaneous  average  bioelectric  frequency,  so 
that  we  obtain  a  resonance  or  maximum  of  calcium  efflux  when  roM  =  (»0.  This  resonance  mechanism  should  not 
be  confused  with  the  unspecific  stochastic  resonance  model  one.  This  model  is  based  also  on  a  two-states 
system,  but  assuming  a  critical  noise  which  is  modulated  by  the  AC  driving  agent  and  reaches  a  threshold  value 
(18).  A  difficulty  with  this  model  is  that  the  physical  mechanism  involved  in  the  weak  AC  agent  interaction  with 
the  system  is  neither  specified  nor  quantified.  Therefore  it  becomes  of  questionable  application  to  the 
distribution  of  spontaneous  bioelectric  frequencies,  D  (o)0)  (density  of  frequencies)  for  the  biological  system 
(membrane),  also  lorentzian  (setting  coM  =  0  in  [8]  and  [10]).  In  fact  such  a  distribution  has  been  clearly  inferred 
from  our  experiments  with  Helix  brain  neurones,  in  the  form  of  repetitive  narrow  bursts  of  higher  frequency 
(Fig.  10),  localized  in  time  when  fM  is  increased,  and  superposed  to  the  main  f(fM )  lorentzian  decrease  below  a>0 
(12). 


7.2  mV 


4s 


H 


7.2  mV 


4s 


fM  =  0  Hz 


fM  =  0.5  Hz 


Fig.  10.-  Neuron  D-5  spontaneous  bursts  of  variable  f. 


In  Fig. 9  we  show  the  excellent  fit  by  [8]  of  the  calcium  efflux  increase  vs.  fM,  and  which  means  that  our 
SD-CE  and  Ca2+  kinetics  model  gives  a  physical  and  quantitative  explanation  to  the  Adey  &  Bawin’s  FWE 
observation  (15).  According  to  our  assumption  chicken  cerebral  neurones  average  bioelectric  frequency  should 
be  fo  =  14  impulses/s,  to  some  extent  comparable  with  the  mollusc  neurones  with  f0  «  0.1-5  impulses /s. 
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Similarly  in  Fig.  11  we  present,  the  bioelectric  frequency  /  vs.  fM  variation  for  Helix  aspersa  brain  mapped 
neurones  FI  and  V14,  under  AC  MF  of  B0=l  mT.  The  fit  of  f(fM)  by  L(coM)  is  also  rather  good.  Now,  as 
above  mentioned,  the  bioelectric  activity  is  commanded  by  the  AC  MF  Ca2  ions  internally  detached  towards 
the  cytosol,  which  join  the  K+ -protein  channels  and  open  them,  giving  rise  to  the  bioelectric  impulse  of  K+  ions 
sorting  out.  Therefore  this  mechanism  should  be  also  operative  in  the  chicken  brain  bioelectric  activity,  and 
therefore  both  experiments  reveal  the  Ca2+  simultaneous  detaching  from  both  surfaces  of  the  membrane.  Besides 
the  determined  Ca2+ relaxation  times,  iCa  are  135  ms  (chicken  brain)  and  between  93-365  ms  for  the  studied 
neurones  of  Helix  aspersa.  An  ab-initio  calculation  of  the  Ca2+  relaxation  time,  iCa  is  difficult,  if  we  consider  the 
mentioned  above  kinetics  involved.  In  fact  a  first  principles  calculation  of  the  K+  and  Na+relaxation  times  in 
HH  equations  is  still  an  open  problem,  relaxation  times  left  as  adjustable  parameters  as  we  did  in  section  2. 
However  for  iCa  if  we  estimate  the  mean  diffusion  length  of  Ca2+  in  water,  taking  D  «  1 0  2  irfs  1 ,  the  typical 

diffusion  coefficient  for  small  molecules  in  water  (18),  we 
studied  neurones  of  average  diameter  d  «  100  pm  (1,  14). 


obtain 


«  30-60  pm,  reasonable  values  for  the 


fM  (Hz) 


Fig.  1 1.-  Variation  of  bioelectric  frequency,/ with  MF  frequency,  fM.  Experiment  (/.):  lines  are  lorentzian  fits  L(fM),  with 
f„=2.5,  2.0  Flz  and  Af/2=  9.9,  2.7  Hz  for  neurones  FI  and  V14  respectively. 


A  final  check  of  the  SD-CE  model  suitability  is  the  obtaining  of  the  clusters  PP  numbers,  N  in  Helix 
aspersa  neurones.  This  can  be  done  by  determining  the  parameter  a  from  the  slopes  of  the  above  f(B0) 
mentioned  plots  from  time  synchronized  neurone  pairs  under  fM  =  50  Hz  MF  field.  (1,7).  In  Fig. 12  are  shown 
such  a  plots  for  the  pair  V13-V23  of  the  visceral  ganglion.  Taking  x±  =  -0.56  x  10  ,  determined  in  erythrocyte 
membranes  by  combined  SQUID  magnetometry  (A/)  and  electrophysiological  experiments  (5,19), 
V  «  5  x  lCT2Sm3,  T  =293K  and  a  values,  obtained  from  the  slopes,  we  respectively  obtain  Nc  «  4  and  1  xlO12  PP 
in  a  cluster.  Considering  that  the  numbers  of  PP  in  such  a  membranes,  of  average  diameters  120  and  103  pm 
respectively,  are  Npp«  2  and  1.5  xlO"  (1,  7),  that  numbers  throw  about  c  =  Np/Npp  «  42  and  16  correlated 
neurones  respectively,  firing  in  synchronized  way  with  the  probe  ones,  i.e.  forming  “giant”  PP  clusters  of  linear 


Fig.  12.-  Plots  of  the  bioelectric  frequency,/  vs.  Bjff  (/m  =  50  Hz)  for 
Helix  aspersa  neurone  pair  V23-V13  (14),  showing  synchronization 
under  MF.  From  line  slones  is  determined  the  a  narameter. 


extension  »  300  pm  (the  visceral  ganglion  has  a 
diameter  of  about  600  pm  and  Helix  brain  has 
a  2  x  1 0 "  neurones)  (14).  Therefore  neurones 
form  correlated  small  networks  under  ELF  weak 
MF.  In  the  case  of  the  chicken  brain  we  do  not 
dispose  of  data  about  the  calcium  efflux 
dependence  with  the  modulating  MF  amplitude 
Bfl  and  that  calculation  is  not  possible. 


5.-  Conclusions.- 

We  have  integrated,  by  the  first  time  to  our  knowledge,  the  Hodgkin  &  Huxley  (HH)  equation  for  the 
biolectric  impulse,  by  considering  the  membrane  as  a  Kirchoff  electric  knot.  Integration  has  been  performed 
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under  applied  AC  MF,  by  partitioning  the  bioelectric  impulse  in  its  depolarization  (D)  and  repolarization  (R) 
plus  hyperpolarization  (H)  regimes.  For  the  spontaneous  regimes  we  have  obtained  the  time  variations  of  the  D 
and  R+FI  voltages,  in  reasonable  agreement  with  our  experiments  on  single  unit  neurones  of  mollusc  Helix 
aspersa.  The  HH  characteristic  functions  n(t)  and  m(t)  (excitatoiy)  and  h(t)  (inhibitory)  have  been  treated  within 
the  relaxation  time,x  approximation,  from  the  comparison  with  the  bioelectric  impulse  obtaining  xNa  and  xK,  as 
well  as  the  initial  values  of  those  functions.  The  calculated  frequency  spectrum  of  the  impulse  is  lorentzian,  in 
good  agreement  with  experimental  one,  from  the  F1MF1W  also  determining  xNa  and  xK.  The  cytosol  Cation 
current,  produced  by  the  SD  and  CE  under  AC  MF  has  been  calculated,  although  experimentally  the  single 
impulse  is  not  modified  by  weak  applied  MF  to  Helix  aspersa  neurones.  This  means  that  MF  produced  extra¬ 
voltage,  VCa(t)  is  negligible,  its  numerical  calculation  value  being  deferred  for  further  work. 

On  the  other  hand,  we  have  shown  that  the  hallmark  Adey  &  Bawin’s  frequency  window  effect  is  a 
consequence  of  the  phospholipids  superdiamagnetism  and  Ca2+  coulomb  explosion  in  the  outer  surface  of  the 
neurones,  and  that  the  effect  is  a  resonance  of  lorentzian  shape,  when  the  MF  frequency  matches  the  neurone 
spontaneous  frequency.  In  Helix  aspersa  single  neurones,  same  mechanism  is  operating  but  now  due  to  the  Ca2+ 
liberation  from  the  inner  membrane  surface  towards  the  cytosol,  so  operating  the  K 1  channels.  In  both  situations 
the  lorentzian  spectrum  is  a  consequence  of  the  exponentially  decaying  relaxation  followed  by  the  Ca2+  current, 
freed  by  the  MF  to  the  extra-cellular  or  cytosol  fluids,  ions  suffering  diffusion  before  capture.  This  diffusion 
mainly  determines  the  lorentzian  spectrum  vs.  applied  MF  frequency  fM . 
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Abstract 

In  order  to  give  an  interpretation  at  molecular  level  of  the  macroscopic  effects  produced  by  ELF- 
EMFs  on  biological  systems,  the  activities  of  different  enzymes  were  studied  under  exposure  to  electromagnetic 
fields  of  75  Hz.  The  activities  of  cytosolic  enzymes  as  well  as  those  of  integral  or  periferal  membrane  enzymes 
were  not  affected  by  the  field  exposure.  Only  the  activities  of  some  lipid-linked  enzymes  decreased 
approximately  of  about  54  %  to  61  %  with  field  amplitudes  above  different  thresholds  (from  0.66  to  1.35 
mTesla).  The  decrease  in  enzymatic  activity  of  the  field-sensitive  enzymes  was  independent  of  the  time  of 
permanence  in  the  field  and  was  completely  reversible.  When  these  enzymes  were  solubilized  with  Triton,  no 
effect  of  the  field  was  obtained  on  the  enzymatic  activity,  suggesting  the  crucial  role  of  the  membrane,  as  well 
as  the  linkage  to  it,  in  determining  the  conditions  for  enzyme  inactivation. 


INTRODUCTION 

The  interactions  between  electromagnetic  fields  of  extremely  low  frequency  (ELF-EMFs)  and 
biological  systems  have  been  widely  investigated  [Walleczek,  1995;  Kaiser,  1996;  Eremenko  et  al.,  1997;  Berg, 
1999;  Ivancsits  et  al.,  2002;Volpe,  2003].  The  problem  concerning  the  mechanisms  which  can  determine 
biological  effects  is  not  yet  solved  [Lawrence  and  Adey,  1982;  Glaser,  1992;  Basset,  1993;  Barnes,  1996;  Lacy 
-Hulbert  et  al.,  1998;  McCann  et  al.,  1 998;  Weaver,  2002].  The  related  phenomena  are  still  not  clear,  but  their 
existence  is  certain  at  least  in  many  specific  cases.  However,  a  generally  accepted  interaction  model  able  to 
explain  these  phenomena  is  lacking.  A  contribution  in  this  direction  could  be  that  of  an  interpretation  at 
molecular  level  of  the  macroscopic  effects  produced  by  ELF-  EMFs.  Therefore,  our  attention  was  focused  on 
the  enzymatic  activity  which  are  known  to  be  underlying  many  biological  processes.  The  hypothesis  that  ELF 
EMFs  could  affect  enzymes  activities  was  tested  on  a  number  of  soluble  enzymes  as  well  as  on  membrane- 
associated  enzymes.  Among  cytosolic  enzymes  hexokinase,  pyruvate  kinase,  glucose  6  phosphate 
dehydrogenase  and  adenylate  kinase  were  chosen.  The  membrane-associated  enzymes  were:  integral  membrane 
proteins  such  as  CaATPase,  Na/K,ATPase,  succinic  dehydrogenase;  periferal  membrane  proteins  such  as 
photoreceptor  phosphodiesterase  6  (PDE);  lipid-linked  proteins  such  as  alkaline  phosphatase  and 
acetylcholinesterase.  Membrane -bound  phosphoglycerate  kinase  was  also  assayed. 

When  exposed  to  ELF-EMFs  of  75  Hz  ,  the  activities  of  soluble  enzymes  were  not  affected  by  the 
field,  whilst  those  of  four  enzymes  out  of  eight  bound  to  membrane  were  lowered  dramatically  of  about  54%  to 
61%.  Moreover,  the  effects  of  the  applied  field  on  these  enzymes  vanished  when  they  were  mildly  solubilized 
by  Triton,  suggesting  that  the  membranes  could  have  an  important  role  for  mediating  the  effect  of  the  field  on 
the  enzymatic  activity.  In  fact,  interesting  results  involving  biological  membranes  exposed  to  ELF 
electromagnetic  fields  has  been  already  reported  [Miller,  1991;  Paradisi  et  al.,  1993;  Astumian  et  al.,  1995; 
Baureus-Koch  et  al.,  2003;  ].  In  particular,  measurements  by  fluorescent  probes  showed  changes  in  lipid 
molecular  dynamics  of  the  cell  membrane  [Volpe  et  al.,  1998],  while  electron  microscope  images  of  freeze- 
fractured  membranes  exposed  to  the  field  indicated  a  significant  clustering  of  the  distribution  of  the 
intramembrane  proteins  [Bersani  et  al.,  1997].  The  applied  field  could  modify  the  membrane  organization  and 
structure  by  acting  directly  on  the  strong  anisotropy  of  diamagnetic  susceptibility  of  membrane  phospholipids 
[Del  Moral  et  al.,  2002].  An  interesting  result  on  the  effects  of  ELF  EMFs  on  carbonic  anhydrase  entrapped  in 
liposomes  seems  to  exclude  the  role  of  the  enzyme  molecule  in  favour  of  the  direct  action  of  the  field  on 
charged  lipids  of  the  membrane  [Ramundo-Orlando  et  al.,  2000]. 
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METHODS 

Electromagnetic  field  production.  EMFs  were  produced  by  an  equipment  (Biostim  Igea,  Modena,  Italy) 
mainly  used  for  clinical  application  and  already  described  [De  Mattei  et  al.,  2003;  Ravera  et  al.,  2004].  The 
generator  system  supplies  a  square  wave  with  a  maximal  applied  tension  of  180  V,  a  period  of  13.3  ms  (75  Hz 
of  frequency),  a  duty  cycle  of  10%,  to  a  couple  of  identical  coils  aligned  on  a  central  axis.  Each  coil,  made  up  of 
1000  turns  of  copper  wire  of  0.2  mm  of  diameter,  had  internal  and  external  diameter  of  72.5  mm  and  82.5  mm 
respectively.  As  the  current  supplied  by  the  equipment  to  the  coils  was  not  adjustable,  different  amplitudes  of 
magnetic  field  were  obtained  by  separating  the  two  coils  with  different  distances.  Measurements  of  the 
magnetic  field  B  maximal  intensity  with  a  gaussmeter  showed  that  it  was  fairly  constant  midway  between  the 
coils,  giving  values  of  about  2.20  ±  0.08  mT  when  the  distance  between  the  coils  was  12  cm  and  about  0.45  ± 
0.02  mT  at  29.6  cm  distance.  An  error  of  0.5  cm  in  determining  the  distance  between  the  coils  gave  an  error  of 
4%  in  the  field  measurements.  The  values  of  the  field  near  the  threshold  (see  Fig  1)  were  determined  more 
accurately  (sd  of  1  %  ,  n=10).  Time  course  of  the  magnetic  field  as  well  as  that  of  the  induced  electric  field  were 
measured  as  already  described  [De  Mattei  et  al.,  2003;  Ravera  et  al.,  2004],  at  the  center  of  the  distance  between 
the  two  coils  where  the  samples  were  always  placed.  Temperature  variations  of  the  order  of  magnitude  of 
experimental  error  (±0.1  °  C)  were  measured  with  a  termocouple  inside  the  sample  in  the  presence  of  the 
applied  field. 

Enzymatic  activities  measurements. 

Hexokinase  activity  assay.  Hexokinase  activity  was  measured  in  the  presence  or  in  the  absence  of  the  field  for  1 
min  after  glucose  addition  (200  mM  final  concentration)  to  the  reaction  mixture  containing  the  purified  enzyme. 
The  reaction  mixture  contained  100  mM  Tris-HCl  pH  8,  8  mM  MgCF,  1  mM  ATP  and  2  pi  of  Hexokinase  (Cat 
n°  1 1  426  362  001,  Roche),  in  final  volume  of  1  ml.  Before  and  after  1  min  of  incubation  100  pi  of  the  reaction 
mixture  were  withdrawn  and  added  to  50  pi  of  25%  PCA.  Each  sample  was  centrifuged  shortly  at  14,000  rpm 
and  then  100  pi  of  supernatant  was  withdrawn  and  neutralized  with  50  pi  K2CO3.  The  centrifugation  was 
repeated  to  remove  potassium  perchlorate.  Aliquots  of  100  pi  of  each  neutralized  extract  were  used  to  assay 
Glucose-6-phosphate,  monitoring  NADPH  formation  by  spectrophotometer  (340  nm),  according  to  Bergmeyer 
et  al.[  1983]. 

Pyruvate  Kinase  activity  assa.y  Pyruvate  Kinase  activity  was  measured  in  the  presence  or  in  the  absence  of  the 
field  for  1  min  after  phosphoenol-pymvate  (PEP)  addition  (0.6  mM  final  concentration)  to  the  reaction  mixture 
containing  the  purified  enzyme.  The  reaction  mixture  contained  100  mM  Tris-HCl  pH  8,  8  mM  MgCf,  5  mM 
ADP  and  0.5  pi  of  Pyruvate  Kinase  (Cat  n°  P-1506,  Sigma),  in  final  volume  of  1  ml.  Before  and  after  1  min  of 
incubation  100  pi  of  the  reaction  mixture  were  withdrawn  and  added  to  50pl  of  25%  PCA.  Each  sample  was 
centrifuged  shortly  at  14,000  1pm  and  then  100  pi  of  supernatant  was  withdrawn  and  neutralized  with  50  pi 
K2CO3.  The  centrifugation  was  repeated  to  remove  potassium  perchlorate.  Aliquots  of  100  pi  of  each 
neutralized  extract  were  used  to  assay  Pyruvate,  monitoring  NAD 1  formation  as  already  described  [Bergmeyer 
et  al.,  1983]. 

Glucose  6  phosphate  dehydrogenase  (G6PD)  activity  assay.  Glucose  6  phosphate  dehydrogenase  activity  was 
measured  in  the  presence  or  in  the  absence  of  the  field  for  1  min  after  glucose-6-phosphate  addition  (10  mM 
final  concentration)  to  the  reaction  mixture  containing  the  purified  enzyme.  The  reaction  mixture  contained  100 
mM  Tris-HCl  pH  8,  8  mM  MgCl2,  0.5  mM  NADP  and  0.25  pi  of  Glucose-6-  phosphate  dehydrogenase  (Cat  n° 
G-5760,  Sigma),  in  final  volume  of  1  ml.  Before  and  after  1  min  of  incubation  100  pi  of  the  reaction  mixture 
were  withdrawn  and  added  to  50  pi  of  pure  Aceton.  Each  sample  was  centrifuged  shortly  at  14,000  rpm  and 
then  100  pi  of  supernatant  was  withdrawn,  added  to  900  pi  of  water  and  immediately  assayed  to 
spectrophotometer  (340  nm),  to  observe  the  NADPH  formation. 

All  the  other  enzymatic  activities  presented  in  Table  1  were  measured  following  the  methods  described  in  the 
Appendix 

Protein  concentration 

Protein  concentrations  were  determined  using  the  Bradford  method  [1976]. 


RESULTS  AND  DISCUSSION 

In  order  to  measure  the  direct  effects  of  ELF  -  EMFs  on  enzymatic  activities,  the  enzymes  were  studied 
in  purified  state  when  available  or  in  rough  extracts  from  cell-free  homogenates.  Different  length  of  exposure  to 
the  fields  lasted  from  1  min  to  60  min.  The  effects  on  enzymatic  activities  were  detectable  only  during  the  field 
exposure.  No  effects  were  measured  immediately  after  the  withdrawal  of  the  field,  suggesting  a  perfect 
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reversibility  of  the  mechanism.  Table  1  shows  the  activities  of  different  enzymes  exposed  to  ELF  -  EMFs  of  75 
Flz  frequency  and  3.0  mT  magnetic  field  amplitude  for  20  min.  The  activities  of  the  cytosolic  enzymes,  that  is: 
hexokinase,  pyruvate  kinase,  glucose  6  phosphate  dehydrogenase  and  adenylate  kinase  were  not  affected  by  the 
field  exposure  with  a  statistical  significance  of  P  <  0.001.  Among  membrane-associated  enzymes  instead: 
alkaline  phosphatase,  acetylcholinesterase  from  ghosts  or  from  synaptosomes,  phosphoglycerate  kinase  and 
membranous  adenylate  kinase,  decreased  their  activities  of  about  54%,  60%,  58%  61%  and  54%  respectively, 
while  either  integral  membrane  enzymes  such  as  CaATPase,  Na/K,ATPase  and  succinic  dehydrogenase,  or 
periferal  membrane  enzymes  such  as  photoreceptor  PDE  were  insensitive  to  the  applied  field. 


Table  1.  Activities  of  different  enzymes  upon  20  min  exposure  to  a  field  of  75  Flz  and  3.0  mT. 


Enzyme 

Control  sample 

Sample  ±  field 

Flexokinase 

47  ±  2  U/mg 

47  ±  2  U/mg 

Pyruvate  Kinase 

175  ±  lOU/mg 

177  ±  10  U/mg 

Glucose  6  phosphate 
dehydrogenase 

75  ±  7  U/mg 

73  ±  6  U/mg 

Cytosolic  adenylate  kinase 

385  ±  33  U/mg 

390  ±  30  U/mg 

Alkaline  phosphatase 

61  +2  U/mg 

28  ±  1  U/mg 

Acetylcholinesterase 
from  ghosts 

3.5  ±0.1  U/mg 

1.4  ±0.1  U/mg 

Acetylcholinesterase 
from  synaptosomes 

13.7  ±0.2  U/mg 

5.8  ±0.1  U/mg 

Phosphoglycerate  kinase 

0.465  ±  0.005  U/mg 

0.18  ±0.01  U/mg 

membrane  Adenylate  kinase 

177  ±  lOU/mg 

81  ±  5  U/mg 

CaATPase 

21  ±  1  U/mg 

20  ±  1  U/mg 

Na/K,ATPase 

78  ±  5  U/mg 

80  ±  5  U/mg 

Succinic  dehydrogenase 

100  ±5  U/mg 

101  ±5  U/mg 

rod  outer  segment  PDE 

50  ±  5  U/nmol  of 

Rhodopsin 

48  ±  5  U/nmol  of 

Rhodopsin 

Alkaline  phosphatase  in 

0.1%  Triton 

58  ±  2  U/mg 

56  ±  2  U/mg 

Acetylcholinesterase  from 
ghosts  in  0.1%  Triton 

3.3  ±0.2  U/mg 

3.0  ±0.2  U/mg 

Acetylcholinesterase 
from  synaptosomes  in  0.1% 

Triton 

15.1  ±0.2  U/mg 

14.5  ±  0.2  U/mg 

Phosphoglycerate  kinase  in 

0.1%  Triton 

0.43  ±0.01  U/mg 

0.43  ±0.01  U/mg 

membrane  Adenylate  kinase 
in  0.1%  Triton 

175  ±  lOU/mg 

180  ±  lOU/mg 

Each  value  represents  the  mean  ±  SD  of  five  measurements.  The  enzymatic  activity  is  expressed  as  Units/mg 
(nmoles  of  substrate  transformed  /min/  mg  protein).  The  activity  of  each  enzyme  was  measured  for  1  min  before 
the  withdrawal  of  the  field.  The  solubilization  with  Triton  in  itself  did  not  affect  the  activity  of  alkaline 
phosphatase  or  acetylcholinesterase  from  blood  cells  but  decreased  of  about  7.5  %  the  activity  of 
phosphoglycerate  kinase  while  enhanced  of  about  10%  the  activity  of  acetylcholinesterase  from  synaptosomes. 
Such  activity  differences  are  usually  observed  when  membrane  bound  enzymes  are  solubilized  in  low 
concentration  of  a  mild  detergent  [Flelenius  and  Simons,  1975]. 

The  activities  of  the  field-sensitive  enzymes  were  measured  in  function  of  the  concentration  of  their 
substrates  and  the  resulting  Michaelis-Menten  kinetics  showed  a  behaviour  of  a  pure  noncompetitive  inhibition 
where  only  Vmax  was  affected  by  a  field  exposure.  The  Lineweaver-Burk  plot  of  the  data  obtained  for 
acetylcholinesterase  from  blood  cell  ghosts  showed  that  KM  remained  constant  whereas  Vmax  dropped  of  about 
60%  when  exposed  to  the  field. 

The  decrease  of  the  enzymatic  activities  shown  in  Table  1  of  the  four  enzymes  was  independent  of  the 
time  of  permanence  in  the  field  and  appeared  constant  within  the  experimental  errors  under  exposure  lengths  of 
1  min  to  60  min.  In  other  words,  the  same  decrease  in  the  enzymatic  activity  was  measured  independently  of  the 
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exposure  time,  indicating  that  the  effect  of  the  field  starts  within  the  first  min  exposure  and  remains  constant 
during  all  the  the  field  permanence.  The  action  of  the  field  seems  that  to  switch  the  enzyme  to  a  state  of  a 
reduced  activity  which  is  immediately  restored  when  the  enzyme  is  removed  from  the  field. 

The  decrease  of  the  enzymatic  activities  was  studied  at  different  amplitudes  of  the  applied  field.  Fig  1 
shows  that  field  amplitude  of  about  1.35  ±  0.05  mT  or  0.80  ±  0.03  mT  were  the  lowest  value  which  produced  a 
supra-threshold  response  respectively  for  alkaline  phosphatase  and  acetylcholinesterase  from  blood  cells.  At 
field  amplitudes  under  the  thresholds  the  enzymatic  activities  were  statistically  indistinguishable  from  those  of 
the  controls.  Similar  data  were  found  for  the  other  two  field-sensitive  enzymes  and  the  corresponding 
suprathreshold  field  values  were  0.66  ±  0.02  mT  or  0.85  ±  0.03  mT  for  phosphoglycerate  kinase  or 
acetylcholinesterase  from  synaptosomes  respectively.  The  effect  of  the  field  on  enzymatic  activities  seems 
independent  of  its  amplitude  above  the  threshold  up  to  2.2  mT  as  well  as  for  the  amplitude  of  3.0  mT  reported 
in  Table  1. 


Field  amplitude,  mTesla 


Fig  1.  Enzymatic  activity  of  alkaline  phosphatase  (  o  )  or  acetylcholinesterase  from  ghosts  (  •  ) 
measured  during  10  min  exposure  to  75  FIz  magnetic  field  of  different  amplitudes.  Each  value 
represents  the  mean  ±  SD  of  five  measurements. 

When  the  same  experiments  were  run  on  the  field-sensitive  enzymes  solubilized  by  0. 1  %  Triton,  the 
results  showed  that  the  activities  of  the  solubilized  enzymes  were  not  affected  by  the  field  (see  the  last  five  lines 
of  Table  1)  with  a  statistical  significance  of  P  <  0.001. 

Changing  of  enzymatic  activities  due  to  exposure  to  ELF-EMFs  have  already  been  reported  by  different 
workers.  Flowever,  the  differences  in  the  observed  effects  could  be  due  to  the  wide  variety  of  the  experimental 
conditions  used  by  the  various  authors.  The  choice  of  field  frequency  is  crucial  as  the  quantistic  interaction  of 
the  electromagnetic  wave  with  molecules  can  only  operate  through  frequency  windows.  Flowever,  fields  of  60 
FIz  frequency,  close  to  75  FIz  used  in  our  experiments,  caused  opposite  and  small  effects  on  soluble  enzymes 
[Zhang  and  Berg,  1992;  Litovitz  et  al.,  1991;  Thumm  et  al.,  1999;  Flarada  et  al.,  2001].  Many  reported  changes 
of  enzymatic  activities  in  whole  cells  and  tissues  suggest  that  ELF-EMFs  may  stimulate  a  general  response  to 
electromagnetic  stress.  In  the  case  of  ornithine  decarboxylase  for  instance,  the  enzymatic  activity  was  enhanced 
approximately  1.5  to  4-fold  when  exposed  to  ELF-  EMFs  [Mullins  et  al.,  1999].  Flowever,  in  this  case  the 
experiments  were  run  on  entire  fibroblasts  cells  and  the  exposure  to  60  FIz  field  for  4  hours  presumably  did  not 
affect  the  enzyme  activity  directely.  The  activity  of  another  soluble  enzyme  such  as  enolase  was  found 
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decreased  by  28%  in  Escherichia  coli  colture  exposed  for  30  min  to  a  field  of  60  Hz  [  Dutta  et  al.,  1994].,  In 
this  case  however,  the  enzymatic  activity  was  assayed  in  cell  extracts,  after  the  withdrawl  of  the  field,  and  its 
decrease  maybe  be  due  to  stress  effects  induced  by  the  field  and  not  to  a  direct  interaction  of  the  field  with  the 
enzyme  molecule. 

Among  integral  membrane  protein,  Na/K,ATPase  and  cytochrome  oxidase  were  found  to  increase  its 
enzymatic  activity  by  approximately  30  %  and  40%  respectively  in  experimental  conditions  similar  to  those 
described  in  this  paper,  under  exposure  to  a  pulsed  magnetic  field  of  60  Hz  with  an  amplitude  of  only  10  pT 
[Blank  and  Soo,  2001].  The  frequency  window  for  Na/K,ATPase  was  very  sharp  with  a  maximal  change  at  60 
Hz  while  at  100  Hz  the  change  in  enzymatic  activity  was  only  10%. 

The  results  shown  in  Table  1  strongly  suggest  that  the  field  action  is  mediated  by  the  membrane 
organization  and  structure  which  is  crucial  in  determining  the  conditions  of  the  enzyme  inactivation.  However, 
the  effect  of  the  field  on  the  membrane  is  not  sufficient  alone  to  explain  the  decrease  in  enzymatic  activity:  in 
the  case  of  acetylcholinesterase,  it  was  independent  of  the  source  of  the  membrane,  as  the  activity  decrease  for 
the  enzyme  coming  from  blood  cells  (60  %  ±  4%)  was  not  statistically  different  from  that  prepared  from 
synaptosomes  (58  %  ±  5  %).On  the  other  hand,  integral  membrane  enzymes  such  as  Ca,ATPase  and 
Na/K,ATPase  or  periferal  membrane  enzymes  such  as  PDE  were  not  affected  by  the  field  suggesting  the 
importance  of  the  linkage  to  the  membrane.  Alkaline  phosphatase,  acetylcholinesterase  from  blood  cell  or  from 
synaptosomes  and  adenylate  kinase  from  rod  disk  membranes  are  lipid-linked  membrane  enzymes:  alkaline 
phosphatase  as  well  as  acetylcholinesterase  are  known  to  be  anchored  to  the  membrane  through  a 
glycosylphosphatidylinositol  while  adenylate  kinase  is  presumably  bound  to  rod  disk  membranes  through  a 
myristic  fatty  acid  [Notari  et  al.,  2003].  Instead,  the  kind  of  attachment  to  red  blood  cell  membranes  of  the  field- 
sensitive  enzyme  phosphoglycerate  kinase  is  not  yet  known,  although  a  covalent  linkage  to  hydrophobic  group 
such  as  myristylate  has  been  suggested  [Concepcion  et  al.,  2001].  In  a  recent  report  [Caseli  et  al.,  2005],  the 
enzymatic  activity  of  alkaline  phosphatase  incorporated  into  artificial  phospholipid  monolayers  dropped  of 
about  40  %  following  a  lipid  phase  transition  from  liquid  expanded  to  liquid  condensed  state,  when  surface 
pressure  increased  above  18  mN/m.  Fluorescence  microscopy  revealed  that  above  this  pressure,  proteins 
aggregated  and  formed  clusters  which  would  affect  the  substrate  accessibility  to  the  catalytic  site  and  therefore 
decrease  the  enzymatic  activity.  It  has  also  been  reported  that  a  pulsed  field  of  50  Hz  is  able  to  induce  a 
decrease  in  lipid  molecular  dynamics  of  cell  membranes  [Volpe  et  al.,  1998]  and  significant  clustering  of  the 
distribution  of  the  membrane  proteins  [Bersani  et  al.,  1997].  Therefore,  we  can  speculate  that  the  field  of  75  Hz 
would  be  able  to  induce  a  transition  of  the  lipid  bilayer  to  a  more  liquid  ordered  phase,  as  suggested  by  the 
sharp  threshold  behaviour  shown  in  Fig  1,  followed  by  the  partition  of  the  lipid-anchored  enzymes  in  clusters 
with  a  subsequent  activity  decrease. 

However,  the  results  presented  in  this  paper  are  important  for  the  inteipretation  at  molecular  level  of 
macroscopic  effects  produced  by  ELF-  EMFs  on  biological  systems.  An  example  could  be  that  of  the  clinical 
application  of  weak  EMFs  of  75  Hz  frequency  currently  used  to  accelerate  the  healing  of  bone  fractures.  The 
molecular  mechanisms  underlying  these  empirical  observations  could  originate  from  alkaline  phosphatase 
inhibition  by  the  pulsed  field.  As  a  matter  of  fact,  alkaline  phosphatase  is  commonly  used  as  an  osteoblast 
differentiation  marker,  although  its  role  in  bone  formation  is  still  controversial  as  it  could  be  involved  in  the 
process  of  bone  mineralization  or  in  the  organic  matrix  synthesis  as  well.  However,  a  decrease  in  its  activity 
was  found  in  concomitance  with  an  increase  of  the  number  of  human  bone  cells  in  culture  following  dynamic 
strain  [Kaspar  et  al.,  2000]. 

Another  example  of  field  effect  which  needs  a  molecular  interpretation  comes  from  several  studies  that 
indicate  that  ELF-EMFs  affect  cell  division  timing  and  embryos  development  of  many  organisms  [Delgado  et 
al.,  1982;  Dixey  and  Rein,  1982;  Koch  et  al.,  1993].  In  particular,  the  effects  of  low-intensity  electromagnetic 
fields  on  the  early  development  of  the  sea  urchin  Paracentrotus  lividus.  [Falugi  et  al.,  1987]  could  be 
interpreted  as  due  to  acetylcholinesterase  inhibition.  A  recent  report  on  exposure  of  fertilized  eggs  of  the  sea 
urchin  Paracentrotus  lividus  to  an  electromagnetic  field  of  75  Hz  frequency,  shows  a  dramatic  loss  of 
synchronization  of  the  first  cell  cycle,  with  formation  of  anomalous  embryos  linked  to  irregular  separation  of 
chromatides  during  the  mitotic  events  [Ravera  et  al.,  2006.].  As  acetylcholinesterase  is  thought  to  regulate  the 
embryonic  first  developmental  events  of  the  sea  urchin  [Shmukler  et  al.,  1998],  its  enzymatic  activity  was 
assayed  in  embryo  homogenates  and  found  it  decreased  by  48%  when  exposed  to  the  same  pulsed  field.  This 
enzymatic  inactivation  had  a  threshold  of  about  0.75  mTesla,  the  same  field  threshold  found  for  the  effect  on  the 
formation  of  anomalous  embryos.  The  conclusion  is  that  one  of  the  main  causes  of  the  dramatic  effects  on  the 
early  development  of  the  sea  urchin  by  field  exposure  could  be  the  accumulation  of  acetylcholine  due  to 
acetylcholinesterase  inactivation.  Moreover,  the  effects  of  accumulation  of  acetylcholine  last  presumably  even 
after  the  removal  of  the  field  and  the  consequent  reversible  restoration  of  acetylcholinesterase  activity.  In  other 
words,  even  though  the  effects  of  ELF-EMFs  are  likely  transient,  the  consequences  of  the  exposure  may  not  be 
overlooked  as  they  can  be  irreversible. 
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On  the  other  hand,  some  field  bioeffect  could  be  positive.  It  was  reported  that  cholinesterase  inhibitors, 
such  as  methanesulfonyl  fluoride,  improve  cognitive  performance  in  patients  with  senile  dementia  of  the 
Alzheimer  type  [Moss  et  ah, 1999].  In  this  case,  ELF-EMFs  may  be  of  some  help  for  treatment  of  the  desease  as 
a  mild  tool  without  farmacological  side  effects. 


Summary 

The  hypothesis  that  ELF  EMFs  could  affect  directly  enzymes  activities  was  tested  on  a  number  of 
soluble  enzymes  as  well  as  on  membrane-associated  enzymes.  Among  cytosolic  enzymes,  hexokinase,  pyruvate 
kinase,  glucose  6  phosphate  dehydrogenase  and  adenylate  kinase  were  chosen;  among  integral  membrane 
protein:  CaATPase,  Na/K,ATPase,  succinic  dehydrogenase;  among  periferal  membrane  proteins:  photoreceptor 
phosphodiesterase  6  (PDE);  among  lipid-linked  proteins:  alkaline  phosphatase,  acetylcholinesterase  and 
membranous  adenylate  kinase.  Membrane-bound  phosphoglycerate  kinase  was  also  assayed.  When  exposed  to 
ELF-EMFs  of  75  Hz  ,  the  activities  of  soluble  enzymes  as  well  as  those  of  integral  or  periferal  membrane 
enzymes  were  not  affected  by  the  field,  whilst  those  of  lipid-linked  enzymes  were  lowered  dramatically  of 
about  54%  to  61%.  Moreover,  the  effects  of  the  applied  field  on  these  enzymes  vanished  when  they  were  mildly 
solubilized  by  Triton,  suggesting  that  the  membranes,  as  well  as  the  protein  linkage  to  them,  could  have  an 
important  role  in  mediating  the  effect  of  the  field  on  the  enzymatic  activity. 
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Appendix 

Erythrocyte  membranes  (ghost)  preparation  Erythrocytes,  completely  free  of  leucocytes  and  platelets,  were 
obtained  following  a  method  already  reported  [Pontremoli  et  ah,  1979]  with  minor  modifications,  starting  from 
25  mis  human  blood  treated  with  lmg/ml  EDTA  to  avoid  coagulation.  The  sample  was  centrifuged  at  3,500  rpm 
for  15  min  at  4  °C  and  the  pellet  containing  erythrocytes  was  collected  and  resuspended  in  130  mM  KC1  and  20 
mM  Tris-HCl  pH  7.4  (1:1  v/v)  and  centrifuged  thrice  at  3,500  rpm  for  15  min.  In  order  to  obtain  the 
erythrocytes  membranes  the  last  pellet  was  resuspended  in  hemolysis  buffer  (1:5  v/v)  containing  1  mM  EDTA- 
Na  and  10  mM  Tris-HCl  pH  7.4  and  centrifuged  at  17,000  lpm  for  40  min.  The  pellet  containing  erythrocyte 
membranes  was  resuspended  in  few  mis  of  distilled  water.  Samples  were  stored  at  -80°C. 

Synaptosomal  preparation  For  synaptosomal  preparation,  the  method  published  by  Rawls  [1999]  was  followed 
with  minor  modifications.  For  each  preparation,  six  dorsal  striata  were  removed  from  decapitated  Mus  musculus 
mouse  and  pooled  in  ice-cold  100  mM  Tris  buffer  pH  7.4.  The  striata  were  transferred  to  0.32  M  unbuffered 
sucrose  and  manually  disrupted  in  a  glass  homogenizer  with  a  Teflon  pestle.  The  homogenate  was  centrifuged  at 
3,000  g  for  2  min.  The  supernatant  was  centrifuged  at  14,000  g  for  12  min.  The  soft  pellet  was  resuspended  in 
0.32  M  sucrose  containing  10  mM  N-tris(hydroxymethyl)-methyl-2-aminoethanesulfonic  acid  (TES,  pH  7.4), 
and  4-ml  aliquots  were  loaded  onto  discontinuous  gradients  consisting  of  three  layers  of  Ficoll  (Sigma)  in 
sucrose  (wt/vol  ;  12%,  4  ml  ;  9%,  1  ml  ;  6%,  4  ml).  The  gradients  were  centrifuged  at  62,483  g  for  35  min. 
Synaptosomes  were  harvested  from  the  9%  layer,  diluted  with  3  volumes  of  10  mMTES  buffer  containing  140 
mMNaCl,  5  m M  KC1,  5  mM  NaHC03,  1.2  mM  Na2HP04,  1  mM  MgCE,  and  10  mM  glucose  (pH  7.4),  and 
centrifuged  at  14,000  g  for  12  min.  Synaptosomes  were  resuspended  in  0.5  ml  of  10  mM  TES  buffer  (pH  7.4). 
The  preparation  was  divided  into  aliquots  containing  0.8  mg  of  protein  and  centrifuged  at  10,000  g  for  2  min. 
Synaptosomes  were  overlaid  with  200  pi  of  0.25  M  sucrose  containing  5  mM  TES  (pH  7.4)  and  stored  as  pellets 
at  -80°C. 

Acetylcholinesterase  activity  Acetylcholinesterase  activity  was  measured  by  using  acetylthiocholine  chloride 
(Sigma)  as  substrate  and  monitoring  the  thiocoline  production  as  already  described  [Bergmeyer  et  ah,  1983]. 
Synaptosomal  (100  pg  of  protein)  or  erythrocyte  membranes  preparations  (200  pg  of  protein)  were  added  to  a 
reaction  mixture  containing  0.4  mM  acetylthiocholine  in  50  mM  phosphate  buffer  pH  7.2.  The  final  volume  of  1 
ml  was  kept  in  the  electromagnetic  field  75  Hz,  2.5  mT.  At  different  time  intervals,  aliquots  of  100  pi  were 
withdrawn  and  added  to  50  pi  of  25%  PCA.  Control  samples  were  run  in  the  same  experimental  conditions  as 
above  but  in  the  absence  of  field.  Each  sample  was  centrifuged  for  3min  at  14,000  rpm  and  then  100  pi  of 
supernatant  was  withdrawn  and  neutralized  with  50  pi  2  M  K2CO3.  Centrifugation  was  repeated  to  remove 
potassium  perchlorate.  Aliquots  of  100  pi  of  each  neutralized  extract  were  used  for  thiocoline  assay  by  addind 
0.5  mM  DTNB  in  phosphate  buffer  pH  7.2  (1  ml  final  volume).  Thiocoline  reaction  with  DTNB  gave 
thionitrobenzoate  formation  (e405  =  1.33  mM'1  cm"1)  which  was  monitored  spectrophotometrically  by  following 
the  rise  in  absorbance. 

Phosplioglycerate  kinase  activity  Phosphoglycerate  kinase  activity  was  measured  in  red  blood  cell  ghosts  by 
following  a  method  already  described  [Bergmeyer  et  ah,  1983]  with  minor  modifications.  Ghosts  (100  pg)  were 
added  to  a  solution  containing  6.5mM  glycerate-3-phosphate  and  1.2mM  ATP  in  40  mM  Tris  HC1  pH  8,  120 
mM  KC1,  10  mM  MgCE  .  The  final  volume  of  1  ml  was  kept  in  the  electromagnetic  field  of  75  Hz  and  2.5  mT. 
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At  different  time  intervals,  aliquots  of  100  pis  were  withdrawn  and  added  to  50  pi  of  25%  PCA.  Control 
samples  were  run  in  the  same  experimental  conditions  as  above  but  in  the  absence  of  the  field. 

Each  sample  was  centrifuged  for  3min  at  14,000  rpm  and  then  100  pi  of  supernatant  was  withdrawn 
and  neutralized  with  50  pi  2  M  K2C03.  Centrifugation  was  repeated  to  remove  potassium  perchlorate.  Aliquots 
of  100  pi  of  each  neutralized  extract  were  used  for  the  enzymatic  assay  by  addind  2  pi  of  glycerate-3 -phosphate 
dehydrogenase,  0.2  mM  NADH,  10  mM  MgCl2,  50mM  Tris  HC1  buffer  pH  8  (1  ml  final  volume).  The 
corresponding  NADH  oxidation  was  monitored  spectrophotometrically  by  following  the  decrease  in  absorbance 
at  340  nm  (£340  =  6.22  mM"1  cm'1). 

(Na,  K)ATPase  activity  Plasma  membrane  Ca-ATPase  activity  was  measured  in  erythrocyte  membranes 
preparation  through  inorganic  phosphate  release.  The  standard  reaction  mixture  contained  30  mM  HEPES,  pH 
7.6,  140  mM  KC1,  0.2  mM  ouabain,  2  pg/ml  CaATPase  activity  calmodulin,  2  mM  ATP  and  0.005  mM  free 

Ca2+  (obtained  with  a  Ca^+-EGTA  buffer;  EGTA  was  2mM).  2mM  EGTA)  in  a  final  volume  of  1  ml.  Aliquots 
of  erythrocyte  membranes  preparation  (about  70  pg  proteins)  were  added  to  the  reaction  mixture  and  incubated 
at  room  temperature  for  20  min  in  the  presence  or  in  the  absence  of  the  field  of  75  Hz  and  2.5  mT.  The  final 
volume  of  1  ml  was  kept  in  the  electromagnetic  field.  At  different  time  intervals,  aliquots  of  100  pis  were 
withdrawn  and  added  to  50  pi  of  25%  PCA.  Each  sample  was  centrifuged  for  3min  at  14,000  rpm  and  then  100 
pi  of  supernatant  was  withdrawn  and  neutralized  with  50  pi  2  M  K2C03.  Centrifugation  was  repeated  to  remove 
potassium  perchlorate.  Control  samples  were  run  in  the  same  experimental  conditions  as  above  but  in  the 
absence  of  field.  The  released  inorganic  phosphate  was  determined  colorimetrically  as  described  by  Martin  and 
Doty  (1949).  Blank  subtraction  was  obtained  by  considering  the  amount  of  inorganic  phosphate  released  by 
parallel  samples  incubated  in  the  absence  of  Ca2 1  and  in  the  presence  of  2  mM  EGTA. 

ATPase  activity  of  erythrocyte  membranes  was  assayed  by  the  pyruvate  kinase,  lactate  dehydrogenase  system 
in  which  hydrolysis  of  ATP  is  coupled  to  the  oxidation  of  NADH.  ATP  hydrolisis  was  measured  in  the  presence 
or  in  the  absence  of  the  field  for  20  min.  An  aliquot  of  0.145  mg/ml  erythrocyte  membranes  preparation  was 
added  to  the  reaction  mixture  containing  100  mM  Tris-HCl  pH  8,  2  mM  MgCE,  150  mM  NaCl,  50  mM  KC1,  1 
mM  ATP.  Aliquots  of  100  pi  of  the  reaction  mixture  were  withdrawn  and  added  to  50  pi  of  25%  PCA.  Each 
sample  was  centrifuged  shortly  at  14,000  rpm  and  then  100  pi  of  supernatant  was  withdrawn  and  neutralized 
with  50  pi  of  2M  K2C03.  The  centrifugation  was  repeated  to  remove  potassium  perchlorate.  In  order  to  measure 
the  amount  of  ATP  hydrolized,  100  pi  aliquots  of  each  neutralized  extract  were  added  to  1  ml  final  vol  of 
reaction  mixture  containing  0.16  mM  NADH,  1.5  mM  phosphoenolpymvate,  8  pg/ml  pyruvate  kinase,  8  pg/ml 
lactate  dehydrogenase,  100  mM  Tris-HCl  pH  8.0;  5  mM  MgCl2.  ATP  hydrolysis  coupled  to  oxidation  of 
NADH  was  followed  at  340  nm  (£340  for  NADH=6.22xl03M_1cm  ')  in  spectrophotometers.  Ouabain-sensitive 
(Na+,K+)ATPase  was  determined  as  the  difference  between  the  enzyme  activities  in  the  presence  and  in  the 
absence  of  0. 1  mM  ouabain. 

Microsome  preparation  Bovine  liver  was  chopped  and  homogenized  in  20  mM  Tris-HCl  pH  7.5  containing 
0.25  M  sucrose  in  a  Potter  apparatus.  The  homogenate  was  centrifuged  for  10  min  at  900  g.  The  supernatant 
was  collected  and  centrifuged  for  20  min  at  20,000  g.  The  resulting  supernatant  containing  cytosol  and 
microsomes  was  collected  and  centrifuged  at  100,000  g  for  1  hr.  The  pellet  containing  microsomes  was  stored 
at  -80°C. 

Alkaline  phosphatase  activity  Alkaline  phosphatase  activity  was  measured  by  using  4-nitrophenylphosphate 
(Sigma)  as  substrate  and  monitoring  4-nitrophenol  formation  as  already  described  [Bergmeyer  et  ah,  1983]. 
Microsomes  from  liver  (100  pg  of  protein/ml)  were  added  to  a  reaction  mixture  containing  4- 
nitrophenylphosphate  (12  mM)  0.1  M  glycine,  0.1  mM  ZnCl2,  ImM  MgCl2  (glycine  buffer  pH  10.5).  The  final 
volume  of  1  ml  was  kept  in  the  electromagnetic  field  for  20  min.  At  different  time  intervals,  aliquots  of  100  pis 
were  withdrawn  and  added  to  50  pi  of  25%  PCA.  Control  samples  were  run  in  the  same  experimental 
conditions  as  above  but  in  the  absence  of  field.  Each  sample  was  centrifuged  3  min  at  14,000  rpm  and  then  100 
pi  of  supernatant  was  withdrawn  and  neutralized  with  50  pi  2  M  K2C03.  Centrifugation  was  repeated  to  remove 
potassium  perchlorate  formed  by  the  reaction  between  PCA  and  K2C03.  Aliquots  of  100  pi  of  each  neutralized 
extract  were  used  for  4-nitrophenol  assay  by  adding  0.1  M  glycine  buffer  pH  10.5  (1  ml  final  volume)  and 
measuring  spectrophotometrically  the  increase  in  absorbance  at  405  nm  (s  =  1.85  mmol"1  x  cm"1)  which  is 
proportional  to  the  nitrophenol  produced. 

Mitochondria  preparation  Pieces  of  rat  liver  (3  g)  were  homogenated  at  ice  temperature  by  Potter-Elvehjem 
system  in  20  ml  Buffer  containing  0.25M  Sucrose,  5  mM  HEPES  pH  7.2,  ImM  EDTA.  The  liver  homogenate 
was  centrifuged  for  10  min  at  500g,  at  4°C.  After  centrifugation,  precipitate  was  discarded  and  supernatant  was 
centrifuged  again  for  20  min  at  20,000g.  Then  the  pellet  was  collected  and  dissolved  in  2  ml  of  homogenizing 
Buffer. 

Succinic  dehydrogenase  activity  Succinic  dehydrogenase  activity  was  assayed  by  the  oxidation  of  succinic  acid 
to  fumaric  acid  coupled  with  K3Fe(CN)6  reduction,  following  the  method  of  Bonner  [1955]  with  minor 
modifications.  The  enzymatic  activity  was  measured  in  the  presence  or  in  the  absence  of  the  field  of  75  Hz  and 
2.5  mT  for  20  min  after  addition  of  mitochondria  preparation  (0.1  mg  of  proteins)  to  1  ml  final  volume  of  the 
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reaction  mixture  containing  100  mM  Phosphate  buffer  pH  7.6,  70  mM  Na  succinate,  2  mM  K3Fe(CN)6  .  At 
different  time  intervals,  aliquots  of  100  pis  were  withdrawn  and  the  reaction  was  stopped  with  0.25  ml  Aceton. 
Then  the  samples  were  centrifuged  for  3  min  at  14,000  rpm,  and  supernatant  was  used  for  the  succinic  acid 
oxidation  coupled  to  reduction  of  K3Fe(CN)6 ,  which  was  followed  spectrophotometrically  at  400  nm  (£40o  for 
K3Fe(CN)6  =  920  M^cm'1). 

Rod  outer  segments  and  disk  membranes  preparations  In  a  typical  experiment,  rod  outer  segments  (ROS) 
were  isolated  from  30  bovine  retina  in  dim  red  light  by  following  the  method  of  Schnetkamp  and  Daemen 
[1982]  by  sucrose  gradient  centrifugation.  Intact  ROS  were  first  washed  in  an  isotonic  medium  containing  40 
mM  Tris-Maleate  pH  7,  120  mM  KC1  and  then  centrifuged  for  10  min  at  1,500  g.  Osmotically  intact  disks  were 
obtained  after  bursting  intact  ROS  for  3  h  in  30  ml  of  5%  Ficoll  (Sigma)  in  distilled  water  containing  5  mM 
DTT  and  70  mg/ml  leupeptin  and  then  by  collecting  them  in  dim  red  light  at  the  5%  Ficoll  surface  after 
centrifuging  for  2  h  at  25,000  rpm  in  a  Beckman  FW-27  rotor  [Smith  et  ah,  1985].  The  disk  membranes  were 
washed  in  distilled  water  and  centrifuged  for  10  min  at  1,500  g.  The  pellet  (purified  disk  membrane  preparation) 
was  resuspended  in  the  initial  volume  of  distilled  water  and  stored  in  the  dark  at  -  80°  C. 

Rod  disk  phosphodiesterase  activity  cGMP  Phosphodiesterase  was  assayed  as  follows.  The  reaction  mixture 
contained  100  mM  MOPS  (pH  7.1),  140  mM  KC1,  20  mM  NaCl,  5  mM  MgCl2,  2mM  GTP  and  5  mM  cGMP. 
The  reaction  was  started  by  adding  50  pi  of  reaction  mixture  containing  4  pCi  [8-3H]  cGMP  (specific  activity: 
12.7  Ci/mmol)  to  50  pi  of  purified  disk  membrane  preparation  previously  bleached  in  the  room  light  (final 
concentration:  1-2  mg/ml  protein).  The  reaction  was  run  in  the  presence  or  absence  of  ELF-EMF  of  75  Hz  and 
2.5  mT,  at  room  temperature  and  stopped  after  1,  3,  5,  10  and  20  min  by  adding  5  pi  of  100  mM  EDTA  to  each 
20  pi  withdrawn  sample  and  boiling  for  2  min.  After  centrifuging,  10  pi  of  the  supernatants  were  analysed  by 
TLC  on  polyethyleneimine-cellulose  developed  in  one  dimension  with  1M  LiCl.  5’-GMP  was  added  as  internal 
standard.  The  separed  spots  corresponding  to  cGMP  and  5’-GMP,  visualized  under  UV  light,  were  cut  into 
scintillation  vials,  eluted  in  0.5  ml  of  0.7M  MgC12/lM  TrisHCl  pH  7.4  (10/2  v/v)  ,  added  to  3  ml  of  Instagel, 
left  overnight  and  then  counted  in  a  LKB  liquid  scintillation  counter. 


613 


LIPOSOME:  A  MODEL  FOR  PROBING  THE  INTERACTION 
OF  ELECTROMAGNETIC  FIELDS  AND  BIOSYSTEMS 


ALFONSINA  RAMUNDO-ORLANDO3, 
GUGLIELMO  DTNZEOb,  GIAN  PIERO  GALLERANOc 


“INSTITUTE  OF  NEUROBIOLOGY  AND  MOLECULAR  MEDICINE  OF  ITALIAN 
RESEARCH  COUNCIL,  VIA  DEL  FOSSO  DEL  CAVALIERE,  00133  ROME, 
ITALY;  bDEPARTMENT  OF  ELECTRONIC  ENGINEERING,  UNIVERSITY  ‘LA 
SAPIENZA’,  VIA  EUDOSSIANA,  18-00184  ROMA,  ITALY;  CUTS  TECNOLOGIE 
FISICHE  AVANZATE,  ENEA-FRASCATI,  VIA  ENRICO  FERMI  4,  P.O.  BOX  65, 

00044  FRASCATI -ITALY. 


Abstract 

Liposomes  are  very  useful  model  membrane  systems:  Although  they  are  unable  to  mimic  all  the  complexity  of  a 
cell  membrane,  they  have  a  well-defined  chemical  composition,  the  capacity  to  arrange  themselves  in  bilayers, 
selectivity  to  ionic  species  and  molecules,  and  many  other  useful  features.  Interactions  can  take  place  between 
this  model  system  and  electromagnetic  fields  (EMFs)  at  different  frequencies,  from  extremely  low  frequency  up 
to  microwave  and  THz  range,  so  that,  a  comparative  evaluation  of  the  observed  effects  with  different  EMF 
components  is  allowed.  In  this  context  we  used  cationic  Carbonic  Anhydrase  (CA)-loaded  liposomes.  The  CA 
was  entrapped  into  these  liposomes  and  the  hydrolysis  rate  of  substrate  p-nitrophenyl  acetate  (p-NPA)  added  in 
the  bulk  aqueous  phase  was  adopted  as  the  index  of  membrane  permeability  changes.  In  fact  previous  kinetic 
experiments  showed  a  very  self-diffusion  rate  of  p-NPA  across  intact  liposome  bilayer.  Observations  reported 
by  our  group  evidenced  that  combined  7  Hz  sinusoidal  (Bacpeak  =  5 0  llT  )  and  parallel  static  (Bdc=  50liT)  magnetic 
fields  can  induce  permeability  changes  in  these  liposomes.  Further,  we  reported  on  the  effects  of  2.45  GHz 
microwave  exposure  (6  mW/g)  on  the  permeability  of  these  cationic  liposomes.  Finally,  we  report  on  the  effects 
of  130  GHz  radiation  modulated  at  low  frequency  of  5,  7  and  10  Hz  on  the  permeability  of  these  cationic 
liposomes.  The  enzyme  activity,  as  function  of  increased  diffusion  of  p-NPA,  rises  from  23%  to  61%  over  3 
min  of  130  GHz  radiation  modulated  at  7  Hz,  at  incident  intensity  of  10.5  mW/cm2,  and  a  peak  electric  field  of 
2.6  kV/cm.  The  increase  of  the  incident  intensity  up  to  17  mW/cm2  did  not  further  increase  the  enzyme  activity. 
This  biological  model  demonstrates  an  extraordinary  sensibility  in  revealing  the  influence  of  EMFs  on  the  lipid 
bilayer  permeability  and  allowed  an  interaction  mechanism  with  an  ELF  magnetic  field  to  be  derived. 


Introduction 

When  considering  the  action  of  electromagnetic  fields  (EMFs)  on  a  biological  system,  the  cell  membrane 
is  indicated  by  the  most  part  of  studies  as  the  primary  site  of  interaction  [1].  Living  organisms  are  made  of  cells 
bound  by  their  membranes.  They  are  self-assembly  entities;  each  is  organizing  a  particular  combination  of 
phospholipids  in  the  form  of  a  bilayer  with  other  constituents  (e.g.  proteins)  embedded  in  it.  This  lipid  bilayer 
existing  in  all  biomembranes  is  most  unique;  it  serves  not  merely  as  a  physical  barrier  but  functions  as  a  two- 
dimensional  matrix  for  reactions.  Also  the  lipid  bilayer  acts  as  a  conduit  for  ion  transport,  as  a  framework  for 
antigen-antibody  binding,  as  bipolar  electrode  for  redox  reactions,  and  as  a  reactor  for  energy  conversion  (e.g. 
light  to  electric  to  chemical).  Further,  a  modified  lipid  bilayer  performs  as  a  transducer  for  signal  transduction 
(i.e.,  sensing),  and  numerous  other  functions  as  well.  All  these  myriad  activities  require  the  ultra  thin  lipid 
bilayer.  In  particular,  molecular  systems  that  have  been  suggested  to  be  candidates  for  direct  modulation  by 
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EMFs  are  the  binding  of  extracellular  ligands  to  the  cell-surface  receptor  sites,  and  translocation  of  charged 
ionic  species  across  the  lipid  bilayer.  Both  events  lead  to  the  activation  of  diverse  biochemical  pathways  that 
transduce  signals  to  internal  sites  within  the  cell  [2]. 

In  spite  of  the  huge  number  of  papers  that  have  studied  the  biological  effects  of  EMFs  exposure  on  cell 
membrane,  from  an  experimental  and  theoretical  point  of  view  [see  reviews  3-6],  we  reckon  to  have  a  nearly 
complete  knowledge  by  now  only  in  the  case  of  thermal  effects.  These  are  due  to  a  sharp  increase  of 
temperature  that  can  be  systemic  or  localized.  Such  effects  typically  correspond  to  high  power  radiation.  On 
the  other  hand,  the  complexity  of  the  cell  membrane  we  want  to  study  the  interaction  with  leads  to  hypothesize 
the  possibility  of  more  subtle  specific  or  non-thermal  effects.  These  are  due  to  phenomena  that  have  no 
dependence  on  the  thermal  energy  deposited,  or  for  which  temperature  is  merely  one  of  many  significant 
parameters,  and  can  occur  even  if  the  external  EMF  is  weak.  Research  on  these  specific  effects  requires  an 
experimental  approach  enabling  to  reduce  the  complexity  of  the  systems  involved. 

The  cell  membrane  acts  as  a  gateway  to  the  cell,  30%  of  all  proteins  within  the  body  are  membrane 
proteins  and  60%  of  drug  targets  are  membrane  proteins.  Despite  its  immense  complexity,  however,  the 
functionality  of  the  membrane  is  ultimately  determined  by  its  mechanical  and  electrical  properties. 

In  order  to  reduce  the  complexity  of  this  biological  system,  we  suggest  the  use  of  membrane  model  so 
that  physical,  biochemical,  and  physiological  processes  may  be  isolated  and  analysed  in  molecular  terms. 
Amongst  these  model  systems,  liposomes  are  very  useful,  although  they  are  unable  to  mimic  all  the  complexity 
of  a  cell  membrane;  they  have  a  well-defined  chemical  composition,  the  capacity  to  arrange  themselves  in 
bilayers,  selectivity  to  ionic  species  and  molecules,  and  many  other  useful  features  [7-8].  Liposomes  occur 
naturally  and  can  be  prepared  artificially  from  natural  or  synthetic  lipid  molecules  [9].  They  can  encapsulate  or 
bind  a  variety  of  molecules,  such  as  drug  molecules,  proteins,  nucleotides  and  even  plasmids,  into  or  onto  the 
membrane  [10]. 

For  more  than  15  years  our  laboratory  has  been  studying  the  possibility  of  the  use  of  liposomes  in  an 
effort  to  clarify  the  mechanism  of  how  EMFs  exposure  induce  alterations  of  membrane  permeability,  focusing 
the  attention  mainly  on  the  membrane  phospholipidic  components  [11-14]. 

In  this  context  cationic  CA-loaded  liposomes  (Fig.  1 )  revealed  an  extraordinary  sensibility  toward  the  EMFs 
induced-effects. 


CA-loaded  liposome  (most 
enzyme  enclosed  within  inner 


DPPC  and  SA  polar 
head  groups 


Fig.  1.  Schematic  representation  of  CA-loaded  liposomes  where  the  dipolar  (e.g.  DPPC)  and 
unipolar  (e.g.  SA)  chemical  structures  in  the  lipid  bilayer  are  depicted. 
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They  are  formed  by  controlled  dialysis  of  detergent  (DIAL)  and  containing 
dipalmitoylphosphatidylcholine  (DPPC),  cholesterol  (CHO),  and  the  charged  lipid  stearylamine  (SA).  Because 
entrapping  Carbonic  Anhydrase  (CA)  these  liposomes  could  be  considered  as  a  bioreactor.  To  follow  any 
alteration  due  to  EMFs  exposure  on  the  permeability  of  lipid  membrane  we  add  in  the  bulk  aqueous  phase  the 
substrate  p-nitrophenyl  acetate  (p-NPA)  in  great  excess  to  have  a  steady-state  condition  limited  only  by  the 
enzyme  activity.  Because  the  p-NPA  cannot  pass  freely  across  the  lipid  bilayer,  or  with  a  very  low  self¬ 
diffusion,  any  enhancement  of  its  hydrolysis  rate  can  be  assumed  due  to  permeability  change  enabling  the  p- 
NPA  to  reach  the  enzyme  into  the  inside  of  liposomes.  We  carry  out  kinetic  measurements  by  monitoring  the 
appearance  of  the  product  of  p-NPA  hydrolysis  at  its  peak  of  absorbance  at  400  nm  in  a  Cary50 
spectrophotomer.  Typical  recorded  curves  of  change  of  absorbance  at  400  nm  against  time  (min)  in  the  sham 
and  exposed  samples  are  shown  in  Fig.  2.  The  difference  between  the  p-NPA  hydrolysis  rate  in  the  exposed 
sample  and  the  sham  one  is  taken  as  an  index  of  permeability  changes  due  to  the  exposure.  The  temperature  is 
always  recorded  during  the  entire  exposure  time. 


Fig.  2.  Typical  recorded  curves  of  the  p-NPA  hydrolysis  rate  of  CA-loaded  liposomes  during  EMFs  exposure 
are  shown. 


Typically,  in  these  cationic  liposomes,  a  non-zero  p-NPA  hydrolysis  rate  resulted  in  the  sham  samples 
(Fig.  2).  Indeed,  due  to  electrostatic  interactions  between  the  enzyme  and  the  positive  charge  on  the  lipid 
membrane,  a  small  fraction  of  enzyme  is  located  on  the  surface  of  liposomes. 

In  order  to  normalize  the  kinetic  data  obtained  with  several  liposome  preparations  used  throughout  our 
studies,  we  determine  the  total  activity  of  CA  (100%)  released  from  each  liposome  preparations  after  their 
disruption  with  detergent  ( n  -octy  I  -  (1  -  g  I  u  co  p  i  ran  o  s  i  d  c ) .  Then,  the  relative  p-NPA  hydrolysis  rates  in  intact 
liposomes  are  expressed  as  percentage  values  (%),  and  calculate  for  every  exposed  and  sham  sample  toward 
100%  of  CA. 

We  speculated  that  the  above  experimental  system,  in  contrast  to  living  cells,  was  well  defined  and  had 
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only  a  limited  number  of  parameter,  thus  allowed  to  evaluate  in  a  comparative  way  the  biological  effects 
induced  by  EMFs  with  different  components.  This  idea  was  supported  by  the  following  findings. 

We  found  that  2.45  GHz  microwave  radiation  (6  mW/g)  induced  an  increase  ofp-NPA  hydrolysis  rate 
from  41%  ±  7  to  80%  ±  11  in  eight  different  CA-loaded  liposome  preparations  [15].  An  S-band  exposure 
chamber,  with  a  coax-waveguide  transition  bandwidth  input  1.7-2. 6  GHz,  was  used.  The  SAR  of  the  samples 
was  calculated  by  the  experimental  curve  of  the  temperature  increase  inside  a  water-filled  cuvette  in  absence  of 
thermostatic  control.  We  speculated  that  the  net  surface  charge  in  the  vesicles  might  be  involved  in  the  response 
of  liposomes  to  MW  field  exposure,  since  the  permeability  effect  could  be  dependent  on  electrostatic  charge. 
This  idea  was  supported  by  the  finding  that  liposomes  with  higher  net  surface  charge  (i.e.,  DPPC:CHO:SA  at 
5:3:2  lipid  ratio)  showed  an  higher  effect  than  ones  with  6:3:1  ratio.  We  also  found  that  the  MW  induced-effect 
on  substrate  permeation  occurred  well  below  (20°C)  the  phase-transition  temperature  of  liposomes  (~  40°C),  in 
agreement  with  literature  data  [16-17].  It  should  be  noted  that  liposomes  exhibit  phase  transitions  which  can  be 
triggered  by  (inter  alias)  changes  in  the  total  or  average  area  of  polar  heads  on  the  outer  monolayer,  these 
transitions  has  been  proposed  to  induce  changes  in  the  membrane  permeability  which  are  analogous  to 
microwave-induced  permeability  changes  [18]. 

We  used  the  same  experimental  approach  in  an  effort  to  clarify  the  mechanism  for  how  extremely  low 
frequency  (ELF)  electromagnetic  fields  exposure  influences  the  trans-membrane  movement  of  free  ions  in  cell 
membranes  [19-21].  Such  experimental  evidences  demonstrate  a  change  in  free  calcium  concentration  between 
the  extra-  and  the  intracellular  medium  under  the  presence  of  an  ELF  magnetic  field  combined  with  a  static 
magnetic  field. 

In  this  context,  we  investigated  whether  combined  sinusoidal  (AC)  and  static  (DC)  magnetic  fields  could 
affect  the  permeability  of  our  cationic  CA-loaded  liposomes  under  well-controlled  field  exposure  conditions. 
The  magnetic  field  was  generated  by  a  series  of  perpendicular  nested  coils.  Each  set  of  coils  controls  the 
component  direct  along  its  axis.  In  the  center  of  the  apparatus  a  large  iso  field  region  (8  cm3  )  with  a  field 
uniformity  of  1%  was  obtained.  The  values  of  the  three  components  of  the  magnetic  field  were  generated  and 
maintained  by  the  feedback  system  [22].  We  found  that  7  Hz  sinusoidal  (Bacpeak  =  50liT)  and  parallel  static 
(Bdc  =  50liT)  magnetic  fields  exposure  induced  an  increase  in  the  hydrolysis  rate  of  p-NPA  in  these  liposomes 
[22].  We  speculated  that  the  positive  charges  of  SA  on  the  liposome  surface  might  be  responsible  for  the  effect. 
This  idea  was  supported  by  the  findings  that  the  effect  was  linear  with  the  increase  of  SA  concentration  in  the 
lipid  mixture  and  nullified  by  neutralizing  the  positive  charge  of  SA,  upon  going  from  pH  7.55  to  8.95  in  the 
reaction  medium.  Moreover,  the  presence  of  CA  partially  located  on  the  external  surface  of  these  liposomes 
would  be  expected  to  be  a  confounding  factor  in  determining  the  primary  target  on  the  membrane  for  the 
interaction  of  the  ELF  magnetic  field.  Therefore  we  studied  the  influence  of  ELF  magnetic  field  on  the 
catalytic  parameters  of  the  CA.  No  structural  change  of  the  enzyme,  as  revealed  by  the  Km  values,  was  found 
when  CA  was  either  free  in  solution  or  loaded  in  liposomes.  Further  a  specific  treatment  of  the  liposomes  with  a 
protease  able  to  remove  the  CA  partially  located  on  their  surface  did  not  indicate  any  role  for  the  enzyme  itself 
in  the  effect  [23]. 

Based  on  these  results  an  interaction  model  between  the  magnetic  field  and  the  polar  structures 
embedded  in  the  liposomes  has  been  proposed  [23].  The  proposed  model  shows  the  possibility  of  inducing  a 
precessional  motion  by  applying  suitable  dynamic  magnetic  field.  As  a  result,  the  charged  structures  (e.g.  - 
CH2CH2NH3 1  in  SA)  on  the  lipid  membrane  could  move  in  a  way  such  as  to  facilitate  the  passage  of  external 
substances  right  through  the  membrane  [23-24]. 

The  increasing  interest  in  the  THz  (Tera-Hertz)  region  of  the  electromagnetic  spectrum,  extending  from 
100  GHz  to  10  THz,  in  biomedical  science  [25-26],  and  the  scarce  knowledge  about  the  biological  effects  of  this 
THz  region  on  living  systems,  suggested  us  to  use  our  experimental  approach  in  the  context  of  the  European 
Project  THz-BRIDGE  dealing  specifically  to  investigations  on  diagnostic  and  potential  genotoxic  effects 
induced  by  THz  radiation. 

A  series  of  experiments  examining  the  effects  of  130  GHz  radiations,  modulated  at  low  frequency  (5,  7 
and  10  Hz)  on  membrane  permeability  were  carried  out.  The  THz  radiation  were  conducted  by  using  a  Compact 
THz  Free  Electron  Laser  (FEL)  providing  coherent  radiation  at  130  GHz  with  a  10%  relative  bandwidth  in  the 
form  of  a  "train"  of  micro  pulses  of  about  50  ps  duration  each,  with  330  ps  spacing  between  adjacent  pulses 
[27].  The  overall  duration  of  the  train  (macro  pulse)  is  4  ps.  Macro  pulses  can  be  produced  up  to  a  maximum 
repetition  frequency  of  10  Hz. 

We  found  that  the  THz  exposure  induces  an  increase  of  the  p-NPA  hydrolysis  rate  on  CA-loaded 
liposomes  in  a  dose-dependent  manner.  Indeed,  by  applying  an  incident  power  lower  than  8  mW/cm2  the  effect 
was  found  only  for  modulation  at  7  Hz.  By  increasing  the  field  power  the  effect  was  also  found  at  modulation 
of  5  and  10  Hz,  though  always  much  more  less  significant  than  at  7  Hz.  We  speculated  that  probably  a 
temperature  rise  in  the  exposed  sample  rather  than  a  modulation  at  a  specific  frequency  might  be  responsible  for 
the  effect.  Therefore,  we  studied  exposure  induced  membrane  changes  on  liposome  at  a  different  phase 
transition  state  by  exchanging  the  DPPC  with  POPC  in  the  lipid  mixture.  Further,  we  prepared  the  latter 
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liposome  in  a  different  manner  avoiding  the  detergent  dialysis,  thus  producing  VET  liposome  populations  with  a 
higher  diameter  vs.  DIAL  ones.  POPC  liposomes,  which  are  in  fluid  phase,  showed  that  THz  exposure  does  not 
induce  any  increase  in  liposome  permeability,  and  that  the  temperature  variations  recorded  in  the  samples  during 
the  exposure  were  negligible.  Based  on  these  results  we  excluded  a  thermal-based  explanation  for  the  effect. 

Electrical  double  layers  form  at  each  side  of  the  cell  membrane,  in  equilibrium,  this  potential  is  of  the 
order  100  mV  (E  bilayer  ~  10  7  Vm'1)  when  the  net  ion  flux  (mainly  K1,  Na+,  Cl",  Ca2+)  through  the  membrane  is 
zero,  and  any  disturbance  of  the  membrane  (e.g.  by  absorption  of  electromagnetic  radiation  in  the  membrane) 
can  result  in  a  change  in  the  potential  difference  across  the  system.  In  the  130GHz  experiments  noted  above,  the 
peak  electric  field  (E  i30ghz  )  was  two  orders  of  magnitude  lower  than  naturally  developed  across  bilayers. 
Despite  this  comment,  the  influence  of  the  electric  field  cannot  be  excluded  for  the  effect  of  permeability  change 
on  lipid  membrane,  as  the  effects  appear  be  pronounced  only  within  a  certain  field  range  (Fig.  3).  As  living 
organisms  are  not  adapted  to  this  spectral  range  of  radiation,  and  the  possible  resonance  characteristics  of  its 
action,  it  may  be  possible  that  a  relatively  small  influence  causes  a  pronounced  effect. 


FIG.  3.  Effect  of  130  GHz  radiation  on  CA  reaction  rate  of  DIAL  liposomes.  %  CA  reaction  rates  as  a  function 
of  the  peak  electric  field  are  shown  for  three  different  pulse  repetition  rates:  10  Hz  (dark  grey),  7  Hz  (black)  and 
5  Hz  (light  grey),  sham  (white).  Statistical  significances  are  presented  as  P  of  unpaired  two-tailed  t-test  at  95% 

confidence  intervals. 


Summary 

The  use  of  cationic  liposomes  entrapping  an  enzyme  for  the  evaluation  of  permeability  changes 
induced  by  EMFs  on  cell  membrane  has  been  proposed.  This  system  allows  comparative  evaluation  of  the 
induced  effects  by  exposure  at  different  EMF  components.  Specifically,  membrane  components,  with  typical 
dipolar  (e.g.  phospholipids),  or  unipolar  (e.g.  cationic  amines)  structures,  may  be  focused  to  study  and  find 
interpretation  keys  on  the  biointeraction  phenomenon,  under  EMFs  exposure  conditions. 
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Abstract 

The  exposure  of  mouse  embryonic  stem  (ES)  cells  to  extremely  low  frequency  magnetic  fields  (ELF-MFs) 
triggered  the  expression  of  GATA-4  and  Nkx-2.5,  acting  as  cardiac  lineage-promoting  genes  in  different 
animal  species,  including  humans.  ELF-MFs  also  enhanced  prodynorphin  gene  expression,  and  the 
synthesis  and  secretion  of  dynorphin  B,  an  endorphin  playing  a  major  role  in  cardiogenesis.  These  effects 
occurred  at  the  transcriptional  level  and  ultimately  ensued  into  a  remarkable  increase  in  the  yield  of  ES- 
derived  cardiomyocytes.  These  results  demonstrate  the  ability  of  ELF-MFs  to  modify  the  gene  program  of 
cardiac  differentiation  in  ES  cells  without  the  aid  of  gene  transfer  technologies. 


INTRODUCTION 

Extremely  low  frequency  Magnetic  fields  (ELF-MFs)  have  been  shown  to  elicit  behavioural  changes  in 
intact  organisms  (1)  and  affect  proliferation  and  growth  factor  expression  in  cultured  cells  (2,3). 
Nevertheless,  only  a  few  reports  suggest  that  ELF-MFs  may  affect  cell  differentiation  (4-6). 


In  the  present  study,  we  used  murine  embryonic  stem  (ES)  cells  as  an  in  vitro  model  of  cardiac 
differentiation  and  assessed  whether  ELF-MF  (Fig.  1)  may  be  involved  in  the  activation  of  a  gene  program 


Figure  1 


Exposure  system  and  signal  characteristics: 

•  signal  generator:  Beckman  FG3A 

•  c.c.  current  amplifier  (home  made)  for  low  resistive  load 

•  multimeter:  Fluke  85III 
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•  two  tetracoils,  each  composed  of  four  coaxial  coils,  40  (20+20)  turns  each,  which  were  double- 
wrapped  to  obtain  wound  (active)  or  counter-wound  (sham)  configuration.  The  inner  coils  have  radii  of 
10  cm,  and  the  outer  of  7  cm.  With  this  configuration  a  very  large  region  of  magnetic  field  uniformity 
can  be  obtained. 

•  Signal:  50  Hz,  sinusoidal,  intensity  0.8  rnTrms 

•  The  two  tetracoils  were  placed  inside  the  same  incubator  as  shown  in  the  picture. 

ELF-MFs  were  applied  to  GTR1  ES  cells,  a  derivative  of  R1  ES  cells  bearing  the  puromycin  resistance 
gene  driven  by  the  cardiac  specific  MHC  promoter  (GTRl  cells  were  kindly  provided  by  Dr.  William  L. 
Stanford,  University  of  Toronto  and  Centre  for  Modeling  Human  Disease,  Canada).  ES  cells  were 
maintained  in  the  undifferentiated  state  by  culturing  in  KNOCKOUT  D-MEM  containing  15%  FBS, 
supplemented  with  1000  U/ml  LIF  (Leukemia  Inhibitory  Factor).  To  induce  cardiac  differentiation,  cells 
were  plated  onto  special  plates  (Costar  ultra  low  attachment  clusters),  containing  KNOCKOUT  D-MEM, 
lacking  supplemental  LIF.  After  2  days,  the  resulting  embryoid  bodies  (EBs)  were  plated  onto  tissue  culture 
dishes.  When  spontaneous  contractile  activity  was  noticed,  puromycin  (2|ig/ml)  was  added  to  eliminate 
non-myocardial  cells.  After  2  days,  puromycin  selected  cells  were  transferred  to  new  tissue  culture  dishes. 
EBs,  collected  at  several  stages  after  plating,  as  well  as  puromycin-selected  cells  were  processed  for  gene 
expression  analyses.  Following  LIF  removal  and  throughout  puromycin  selection,  GTRl  cells  were  also 
exposed  to  a  sinusoidal  ELF-MF  (50  Hz,  0.8  mT^s).  The  analysis  of  mRNA  expression  was  performed  by 
RT-PCR  technique. 
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Figure  2 

Effect  of  ELF-MFs  on  a  cardiogenic  transcriptional  profile  in  embryoid  bodies  (left  panel)  and  puromycin- 
selected  cardiomyocytes  (right  panel).  LIF,  leukemia  inhibitory  factor;  C,  control;  S,  sham;  MF,  magnetic 
field;  Prodyn,  prodynorphin.  GAPDH,  (Glyceraldehide-3-phosphate  dehydrogenase)  was  used  as  reference. 

Exposure  to  ELF-MFs  triggered  the  expression  of  GATA-4  and  Nkx-2.5  mRNA  in  both  EBs  and 
puromycin-selected  cardiomyocytes.  Notably,  these  transcripts  encode  for  a  zinc  finger-containing 
transcription  factor  and  a  homeodomain,  that  are  both  essential  for  cardiac  lineage  commitment  in  different 
animal  species,  including  humans  (7-9).  Moreover,  ELF-MF  increased  the  expression  of  the  prodynorphin 
gene,  which  encodes  for  the  dynorphin  family  of  endorphin  peptides,  previously  shown  to  act  as 
orchestrators  of  the  transcription  of  both  cardiogenic  and  cardiospecific  genes  in  mouse  ES  cells  (10,11). 
Consonant  with  our  previous  findings  (12),  the  increase  in  prodynorphin  mRNA  was  associated  with  an 
increase  in  the  expression  of  dynorphin  B,  a  bioactive  end-product  of  the  gene  (not  shown). 
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The  attainment  of  a  cardiac  fate  was  inferred  by  the  observation  that  EFF-MFs  also  elicited  the  expression 
of  cardiac  specific  genes,  including  myosin  light  chain  2-V  and  alpha-myosin  heavy  chain,  as  shown  in  Fig. 
3. 

On  the  whole,  the  over-expression  of  both  cardiogenic  and  cardiac-specific  genes  induced  by  ELF-MFs 
ensued  in  a  remarkable  increase  in  the  yield  of  ES-derived  spontaneously  beating  cardiomyocytes. 


Figure  3 

Effect  of  MF  on  the  Expression  of  Cardiac  Specific  Genes. 

Left  panel,  ELF-MF  was  applied  from  the  time  of  LIF  removal  and  EBs  were  collected  after  3  days. 

Right  panel,  ELF-MF  was  applied  from  the  time  of  LIF  removal  throughout  puromycin  selection.  Four 
days  after  puromycin  addition,  ES-derived  cardiomyocytes  were  processed  for  gene  expression  analyses. 
MHC,  alpha-myosin  heavy  chain;  MLC,  myosin  light  chain-2V;  C,  control  cells;  S,  Sham;  MF,  magnetic 
field. 


To  assess  whether  commitment  to  other  cell  lineages  were  recruited  by  ELF-MF,  we  investigated  the 
expression  of  neurogenin-1,  a  gene  involved  in  neuronal  specification,  and  myoD,  a  transcript  associated 
with  skeletal  myogenesis.  While  myoD  was  not  affected  by  cell  exposure,  neurogenin-1  mRNA  was  only 
slightly  increased  in  EBs  (Fig.  4). 


Figure  4 

Effect  of  ELF-MF  on  the  expression  of  genes  promoting  non-myocardial  lineages. 

Left  Panel,  ELF-MF  was  applied  from  the  time  of  LIF  removal  and  EBs  were  collected  after  3  days. 
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Right  panel,  ELF-MF  was  applied  from  the  time  of  LIF  removal  throughout  puromycin  selection.  Four 
days  after  puromycin  addition,  ES-derived  cardiomyocytes  were  processed  for  gene  expression  analyses. 
Ngn,  neurogeninl,  determination  gene;  C,  control;  S,  Sham;  MF,  magnetic  field. 

Summary 

The  development  of  a  model  of  in  vitro  cardiogenesis  based  on  “gene  trapping”  selection  of 
cardiomyocytes  from  pluripotent  GTR1  cells  provided  a  homogeneous  and  reproducible  approach  to  assess 
the  effect  of  MF  on  developmental  decisions  in  ES  cells. 

In  this  model  of  cardiogenesis,  MF  elicited  the  expression  of  a  gene  program  of  cardiogenesis,  along  with 
the  induction  of  cardiac-specific  transcripts. 

MF  failed  to  activate  skeletal  myogenesis  but  slightly  enhanced  the  expression  of  a  vertebrate  neural 
determination  gene. 

These  results  demonstrating  the  potential  use  of  magnetic  fields  for  modifying  the  gene  program  of  cardiac 
differentiation  in  ES  cells  without  the  aid  of  gene  transfer  technologies  may  pave  the  way  for  novel 
approaches  in  tissue  engineering  and  cell  therapy.  Within  this  context  we  are  now  planning  to  investigate 
whether  ELF-MF  with  different  physical  characteristics  (frequency,  amplitude  and  wave  shape)  may 
influence  cell  lineage  commitment  even  in  human  mesenchymal  stem  cells. 
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Abstract: 

The  ever-increasing  use  of  cellular  phones  and  increasing  number  of  associated  base  stations  are  becoming  a 
widespread  source  of  non-ionizing  electromagnetic  radiation. 

In  this  study,  we  submit  an  animal  study  in  a  confined,  well-controlled  environment,  with  an  intention  to 
investigate  effects  of  GSM  Base  Transceiver  Station  (BTS)  EM  radiation  on  oxidative  stress  and  generation 
of  free  radical.  During  this  study  a  group  of  young  adult  male  Wistar  albino  rats  was  exposed  to  EM  fields 
inside  a  test  chamber,  while  another  group  was  sham-exposed  under  the  same  conditions.  Malondialdehyde 
(MDA)  levels  were  assessed  as  a  marker  of  lipid  peroxidation  and  the  activities  of  GSH  and  SOD  were 
determined  in  order  to  evaluate  antioxidant  status  in  the  blood  samples  of  exposed  rats. 
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MDA  level  was  increased  significantly  (p<0.0001)  for  the  experiment  group  when  compared  to  the  sham- 
exposed  group.  SOD  activity  was  also  increased  for  the  experiment  group,  although  less  significantly 
(p=0.019),  when  compared  to  the  sham-exposed  group.  GSH  concentration  decreased  significantly 
(p<0.0001)  for  the  experiment  group  when  compared  to  the  sham  exposed  group. 

Our  results  indicate  that  exposure  to  EM  fields  at  BTS  frequencies  may  modulate  the  oxidative  stress  of  free 
radicals  by  enhancing  lipid  peroxidation  and  reducing  the  concentration  of  GSH. 

Keywords:  Electromagnetic  field,  base  transceiver  station,  antioxidants,  oxidative  stress,  GTEM. 

1.  INTRODUCTION 

The  fast  growing  second  generation  mobile  phone  system,  Global  System  for  Mobile  Communications 
(GSM),  has  become  the  world’s  largest  mobile  telecommunications  system,  with  its  one  billion  subscribers  in 
over  200  countries  [1],  Electromagnetic  (EM)  radiation  produced  by  mobile  phone  and  their  base  station 
antennas  are  in  the  890  -  960  MHz  frequency  range  for  the  GSM900  system.  While  mobile  phones  emit  low 
power  (2  Watts  or  less)  EM  fields  in  the  890  -  915  MHz  range,  the  base  station  emissions  are  much  higher  in 
power  and  in  the  935  -  960  MHz  range.  Since  mobile  phones  are  kept  and  used  near  the  body,  in  particular 
near  the  head,  emissions  should  be  analyzed  in  the  near  field.  On  the  other  hand,  base  station  radiation  must 
be  modeled  with  far  field  considerations.  Another  concern  on  base  stations  is  the  continuous  emission  of  EM 
radiation.  Therefore,  residents  who  live  close  to  base  stations  may  have  a  bigger  health  concern  than  the 
casual  users  of  the  mobile  phones. 

There  are  a  number  of  governmental  and  independent  organizations  working  on  the  regulation  of  the 
EM  radiation  from  mobile  phones  and  their  base  stations.  As  a  result  useful  guidelines  and  directives  have 
been  placed  in  act  [2,  3].  These  guidelines,  however,  focus  on  the  SAR  values,  which  addresses  the  energy 
deposition  in  the  body  in  terms  of  heat.  In  May  2000,  in  IEGMP  Mobile  Phones  and  Health  report  [4], 
concerns  were  reaffirmed  in  the  following  statement,  as:  “...There  is  now  scientific  evidence,  however,  which 
suggests  that  there  may  be  biological  effects  occurring  at  exposures  below  these  guidelines...” 

A  relatively  recent  comprehensive  survey  on  mobile  phone  health  effects,  published  by  NRPB  (UK) 
[5],  summarizes  26  reports  from  several  countries.  The  survey  concludes  that  although  the  possibility  of  low 
level  EM  field  exposure  causing  adverse  health  effects  remain  “unproven”,  additional  well  targeted,  high 
quality  research  will  be  valuable  to  explore  the  remaining  uncertainties  further. 

One  of  the  areas  of  interest  by  scientists  in  recent  years  is  the  EM  radiation  induced  oxidative  stress  in 
biological  systems.  The  issue  was  first  studied  for  the  extremely  low  frequency  (ELF)  range,  particularly  for 
the  power-line  frequency  the  magnetic  fields  [6,  7].  Some  recent  studies  also  address  effects  in  radio 
frequency  (RF)  range,  especially  for  the  mobile  telecommunications  emissions  [8,  9,  10,  1 1]. 

Free  radical  is  a  molecule  or  ion  that  has  an  unpaired  electron  in  its  outer  orbit.  Radical  particles  are 
unstable  and  are  very  reactive.  Most  common  free  radicals  are  produced  from  oxygen  metabolism  and  are, 
thus,  called  as  reactive  oxygen  species  (ROS).  Free  radicals  start  chain  reactions  as  the  unpaired  electron  is 
transferred  from  one  molecule  to  another.  One  known  consequence  of  this  kind  of  a  chain  reaction  is  the  lipid 
peroxidation,  where  reactive  radicals,  such  as  MX,  OH"  or  CCI3O2",  abstract  an  atom  of  hydrogen  from  poly¬ 
unsaturated  fatty  acid  (PUFA)  side  chains  in  membranes  or  lipoproteins.  This  leaves  an  unpaired  electron  on 
carbon.  The  carbon  radical  reacts  with  oxygen  and  the  resulting  peroxyl  radical  attacks  adjacent  fatty  acid  side 
chains  to  generate  new  carbon  radicals  and  so  the  chain  reaction  continues.  The  attack  of  one  reactive  free 
radical  can  oxidize  multiple  fatty  acid  side  chains  to  lipid  peroxides,  damaging  membrane  proteins.  This 
makes  the  membrane  leaky  and  eventually  causes  complete  membrane  breakdown  [12].  MDA  is  one  of  the 
end  products  of  lipid  peroxidation  which  is  mostly  used  as  an  oxidative  stress  marker. 

There  are  experimental  evidences  that  oxidative  stress  and  consequent  free  radical  production  are 
important  causative  factors  in  the  pathology  of  several  degenerative  disorders;  such  as  neurodegenerative 
diseases,  carcinogenesis,  atherosclerosis,  hypertension  and  diabetic  mellitus  [13,14,15,16].  Oxidative  stress 
refers  to  the  cytotoxic  consequences  of  oxygen  radicals,  such  as  superoxide  anion  (02-“),  hydroxyl  radical 
(OH  )  and  hydrogen  peroxide  (H202),  which  are  generated  as  byproducts  of  cellular  aerobic  metabolism. 
Oxygen  radicals  can  attack  DNA,  proteins  and  lipid  membranes,  thus  disturbing  their  physical  function. 

Fortunately,  there  are  enzymatic  systems  to  counterbalance  the  production  of  ROS.  Superoxide 
dismutase  (SOD),  catalase  (CAT)  and  glutathione  peroxidase  (GSH-Px)  are  enzymes  responsible  for 
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degradation  of  O2" .  While  SOD  converts  O2"  to  H2O2,  GSH-Px  converts  I  FCT  to  water  and  oxygen.  GSH-Px 
uses  H2O2  to  oxidize  reduced  glutathione  (GSH).  Decreased  activity  of  GSH-Px  leads  to  accumulation  of 
H202,  which  in  the  presence  of  iron  and  copper  promotes  the  Fenton  reaction  to  yield  OH-.  Hydroxyl  radical 
is  the  most  reactive  form  of  oxygen  radicals  that  can  initiate  a  chain  reaction  to  generate  numerous  toxic 
reactants.  GSH-Px  also  participates  in  detoxification  of  lipid  peroxyl  radicals  [17,  18]. 

In  this  article,  we  submit  an  animal  study  in  a  confined,  well-controlled  environment,  with  an  intention 
to  investigate  effects  of  GSM  Base  Transceiver  Station  (BTS)  EM  radiation  on  oxidative  stress  and  generation 
of  free  radical.  During  this  study  a  group  of  young  adult  male  Wistar  albino  rats  was  exposed  to  EM  fields 
inside  a  test  chamber,  called  Gigahertz  Transverse  Electromagnetic  (GTEM)  Cell,  while  another  group  was 
sham-exposed  under  the  same  conditions.  Malondialdehyde  (MDA)  levels  were  assessed  as  a  marker  of  lipid 
peroxidation  and  the  activities  of  GSH  and  SOD  were  determined  in  order  to  evaluate  antioxidant  status  in  the 
blood  samples  of  exposed  rats. 

2.  METHODS 

2.1  Exposure  Environment 

The  test  setup  is  a  general  purpose  EM  shielded  chamber  that  is  suitable  to  house  laboratory  animals.  In 
this  exposure  environment  electromagnetic  radiation  of  specific  energy,  frequency  and  waveform  can  be 
applied.  The  main  element  of  the  setup  (Figure  1)  is  a  GTEM  Cell  [GTEM  1750,  MEB,  Germany],  installed 
in  Electromagnetic  Compatibility  (EMC)  Laboratory  of  TUBITAK-UEKAE. 

GTEM  Cell  is  a  radiated  field  generation  and  measurement  device  that  has  a  single  input/output  port 
for  EM  immunity  and  emission  test  purposes.  GTEM  Cell,  in  essence,  is  a  transmission  line  terminated  with 
50  Q.  load.  The  asymmetrical  inner  conductor  (called  “septum”)  is  designed  to  match  the  impedance  of  a 
tapered,  rectangular  wave  guide  cross  section.  The  outer  surface  of  the  GTEM  Cell  is  made  of  metal  sheets 
with  an  attenuation  of  around  60  dB  at  high  frequency  EM  fields.  Note  that  honeycomb  waveguides  are 
installed  at  the  bottom  of  the  GTEM  Cell  for  ventilation  purposes.  Electric  field  level  is  directly  proportional 
to  the  amplitude  of  the  voltage  applied  to  the  input  port  and  inversely  proportional  with  the  septum  height.  In 
order  to  obtain  increased  field  level  with  constant  input  power,  cages  that  contain  the  test  subjects  are 
designed  and  placed  closer  to  the  input  port  of  the  GTEM  Cell  for  the  purpose  of  biological  effect  studies  as 
illustrated  in  Figure  2 

Signal  generators,  are  used  to  feed  the  input  port  of  the  GTEM  cell  in  order  to  imitate  the 
electromagnetic  fields  emitted  from  base  transceiver  stations.  A  properly  selected  signal  generator  [SMY01, 
Rohde&Schwarz,  Germany]  generates  the  945  MHz  carrier  wave  which  is  then  pulse  modulated  at  217  Hz 
[using  Stanford  Research  Systems  DG535  Digital  Delay/Pulse  Generator,  USA]  in  accordance  with  GSM 
specifications.  Output  of  the  signal  generator  is  then  connected  to  a  100W  power  amplifier  [757LCB-CE, 
Kalmus,  USA].  Power  feed  to  the  GTEM  cell  input  is  provided  through  a  directional  coupler.  One  port  of  the 
directional  coupler  is  connected  to  a  power  meter  [Rohde&Schwarz  NRVS  with  thermal  probe  NRV-Z51] 
through  which  applied  power  level  is  monitored  (Figure  1). 

The  rats  are  enclosed  inside  two  “ metabolic  cages ”  which  are  placed  adjacent  to  each  other.  These 
cages  are  designed  so  as  to  feed  and  water  the  rats  and  collect  urine  samples  through  its  structure.  The  cages 
are  composed  of  transparent  Plexiglas  material.  It  is  thus  assumed  that  the  cages  have  minimal  effect  on  the 
applied  electric  field.  The  rats  are  free  to  move  inside  a  volume  of  24  cm  (W)  x  34  cm  (L)  x  12.5  cm  (H).  The 
applied  electric  field  is  perpendicular  to  the  plane  on  which  the  rats  move;  therefore  each  animal  is  exposed  to 
the  field  without  any  obstruction  caused  by  its  “neighbors”. 

2.2  SAR  Calculation 

It  is  necessary  to  make  the  dosimetric  evaluation  of  an  electromagnetic  field  exposure  experiment  in 
order  to  deduce  meaningful  results  and  compare  various  biological  effects  produced  with  different  test  setups. 
Dosimetric  evaluation  is  performed,  in  general,  in  terms  of  Specific  Absorption  Rate,  known  as  “SAR”  in 
short.  Since  exposure  from  Base  Transceiver  Stations  (BTS)  is  generally  in  the  far  field,  whole-body  average 
SAR  is  taken  into  consideration  in  this  experiment.  Whole-body  average  SAR  is  defined  as  the  total  energy, 
transferred  to  the  body  per  unit  time,  divided  by  the  total  mass. 
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The  Finite-Difference  Time-Domain  (FDTD)  method  implemented  in  a  MATLAB  program  was  used 
to  compute  the  expected  SAR  values  on  the  subjects  in  a  simulation  environment. 

In  order  to  validate  the  numerical  model  and  MATLAB  implementation  of  the  FDTD  technique, 
electric  field  levels  were  measured  at  10  selected  positions  on  an  XY  plane  located  at  the  middle  of  the  Z  axis 
and  compared  with  those  that  were  obtained  by  the  FDTD  technique.  These  points  were  selected  such  that 
they  represent  the  position  of  the  rats  in  metabolic  cages  during  actual  EM  exposure.  The  simulation  software 
was  executed  for  three  times  for  different  input  power  levels.  Electric  field  levels  were  also  measured  by  an 
electric  field  meter  [Actema  EMR-300  with  Type  8  E-field  probe,  Germany],  again  at  those  specified  input 
power  levels.  We  found  out  that  FDTD  model  closely  simulates  the  actual  exposure  environment  (less  than 
7%  difference  in  the  average  electric  field  levels).  Thus,  the  model  is  a  good  approximation  of  the  real  life 
measurements.  Electric  field  measurement  results  also  indicated  that  a  fairly  uniform  electric  field  was 
applied  to  the  test  subjects  in  the  exposure  environment. 

The  test  subject  was,  on  the  other  hand,  modeled  roughly  with  an  effort  to  maintain  some  details  of  its 
geometry.  The  rat,  as  a  whole,  was  modeled  using  electrical  properties  at  945  MHz,  calculated  for  average 
muscle  tissue,  corresponding  to:  e  =55.853462  and  o=0.985515.  Rat  muscle  tissue  density  was  taken  as, 
p=1040  mg/cm3.  For  the  sake  of  simplicity,  rat  cages  were  not  included  in  the  model  since  they  are 
transparent  to  electromagnetic  radiation.  Normalized  SAR  value  for  this  exposure  environment  was  found  to 
be  0.90  mW/kg  per  input  W.  Thus,  when  this  exposure  setup  is  used  for  assessment  of  biological  effects,  we 
can  compute  the  SAR  values  through  the  FDTD  model  easily  once  the  GTEM  input  power  level  is  given. 


2.3  Electromagnetic  Exposure 

Calculations  above  show  that  in  this  test  environment  SAR  values  we  can  induce  are  well  below  the 
safety  standards  [3],  A  set  of  exposure  experiments  was  performed  in  two  phases  to  investigate  the  biological 
effects  of  the  electromagnetic  fields  at  GSM  BTS  frequency.  The  first  phase  was  the  EM  field  exposure 
experiment  and  the  second  was  the  sham  exposure  (see  Table  1).  In  each  phase,  the  following  procedure  was 
applied: 

The  animals  were  obtained  from  the  Experiment  Animals  Center  of  Istanbul  University  Cerrahpasa 
Medical  School.  For  each  of  the  two  phases  a  set  of  9  healthy,  young  adult  male  Wistar  albino  rats  were  used. 
The  rats  were  cared  for  in  accordance  with  the  Guide  for  the  Care  and  Use  of  Laboratory  Animals  [20].  The 
rats  have  been  fed  with  standard  pellet  food  and  watered  by  tap  water  ad  libitum.  The  rats  have  been  weighted 
before,  after  and  at  each  day  of  the  experiment.  Average  weights  of  both  groups  before  and  after  the 
experiment  and  their  average  food  and  water  consumption  are  given  in  Table  2. 

The  subjects  were  placed  inside  two  metabolic  cages,  5  rats  in  one  cage  and  4  rats  in  the  other.  The 
cages  were  placed  in  the  test  volume  inside  the  GTEM  cell  as  shown  in  Figure  2.  Radio  frequency  EM  field 
(3.67  W/m2  power  density)  was  applied  onto  the  exposure  group  for  the  first  phase,  while  there  was  no  EM 
field  exposure  onto  the  sham  group,  in  the  second  phase.  We  could  only  apply  a  low  power  level,  which 
corresponds  to  a  SAR  value  of  1 1.3  mW/kg,  because  of  the  time  averaging  of  the  applied  peak  power  level  in 
accordance  with  the  GSM  modulation  of  the  carrier  wave.  The  cages  containing  the  rats  were  kept  inside  the 
GTEM  Cell  for  7  hours  for  a  period  of  8  days  for  each  group. 

2.4.  Metabolite  Gathering  and  Analysis 

At  the  end  of  each  phase,  the  animals  were  anesthetized.  After  exploration  of  the  thorax,  intracardiac 
blood  was  quickly  obtained.  The  tubes  containing  the  processed  blood  samples  were  stored  at  -24  °C  until 
they  were  analyzed  at  the  Cerrahpasa  Medical  School  Biochemistry  Laboratory.  These  samples  were 
processed  for  measuring  MDA,  GSH  and  SOD  levels.  The  materials  collected  were  analyzed  using  a 
spectrophotometer  [JASCO  V-530  UVATS]  according  to  standard  laboratory  procedures  [21,22]. 

MDA  level  was  determined  in  plasma  using  the  principle  of  spectrophotometric  determination  of 
absorbance  at  535  nm  of  colored  complex  which  is  formed  by  condensation  of  two  molecules  of 
thiobarbituric  acid  and  one  molecule  of  the  material  that  it  reacts  with.  For  this  purpose,  1  ml  of  a  stock 
solution,  which  was  prepared  from  trichloroacetic  acid,  thiobarbituric  acid  and  hydrochloric  acid,  was  added 
to  0.5  ml  of  plasma.  After  pippeting,  tubes  were  closed  and  put  inside  a  boiling  water  bath  for  20  minutes. 
After  cooling  down,  they  were  centrifuged  at  2000  cycles/min  for  10  minutes.  Absorbance  of  the  supernatant 
solution  was  read  against  the  blind  solution.  MDA  level  is  given  in  millimoles  per  liter  (mM/L). 
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GSH  concentration  was  determined  in  total  blood  by  color  reading  at  412  nm  of  the  solution  that  is 
formed  by  the  reaction  of  free  sulfhydryl  compounds  in  the  whole  blood  with  5,5’-Dithiobis  (2-nitrobenzoic 
acid)  (DTNB).  Note  that  DTNB  is  a  disulfide  chromogen  that  is  readily  reduced  by  sulfhydryl  compounds  to 
an  intensely  yellow  compound  and  the  absorbance  of  the  reduced  compound  is  directly  proportional  to  the 
GSH  concentration.  Cuverts  were  prepared  for  GSH  calibrator,  erythrocyte  and  precipitating  agent.  After 
incubating  at  room  temperature  for  5  minutes,  the  solutions  were  centrifuged  at  3000  cycles/min  for  10 
minutes.  Upper  phase  was  extracted  and  phophate  buffer,  DTNB  and  distilled  water  were  added.  The  color 
reading  was  performed  at  412  nm  against  the  blind  solution  in  4  minutes.  Using  glutathione  standard  curve 
did  the  calculation.  GSH  concentration  was  expressed  in  milligrams  per  gram  hemoglobin  (mg  /  g  Hb). 

The  method  of  determination  of  SOD  activity  was  based  on  the  reduction  of  nitroblue  tetrazolium  by 
superoxide  anions  that  were  formed  by  xanthine/xanthine-oxidase  system  and  then  inhibition  of  superoxide 
anions  by  SOD.  Reaction  mixture  used  to  determine  the  SOD  activity  in  erithrocytes  was  prepared  using 
xanthine,  EDTA,  nitroblue  tetrazolium,  Na2C02  and  bovin  serum  albumin  at  specified  concentrations  inside  a 
200  ml  flask.  Reaction  mixture  was  set  to  a  pH  level  of  10.2.  Supernatant  solution  was  prepared  using 
chloroform  letanal,  erythrocyte  and  distilled  water.  This  solution  was  centrifuged  at  15000  cycles/min  for  10 
minutes.  Test  and  blind  solutions  of  1.07  ml  were  incubated  at  25  °C  for  20  minutes.After  adding  0.05  ml  of 
CuCl2  (8  mM/1)  reaction  was  stopped.  Note  that  the  50  %  inhibition  with  respect  to  the  blind  inside  the 
reaction  tube  corresponds  to  1  unit  of  SOD  activity.  The  units  of  SOD  activity  was  determined  by  simple 
linear  ratio.  But  it  had  to  be  further  determined  with  respect  to  the  hemoglobin  concentration  inside  the 
solution,  so  the  resultant  SOD  activity  was  formulated  in  terms  of  units  per  gram  hemoglobin  (or  U  /  g  Hb). 

Hemoglobin  concentration  for  GSH  and  SOD  analysis  was  determined  using  Drabkin's  reagent.  3  mL 
reagent  was  mixed  with  1:20  hemolysate  and  kept  in  dark  for  10  minutes.  Absorbance  at  540  nm  was  read 
against  a  blank  of  Drabkin’s  solution  and  hemolysate  hemoglobin  concentration  was  determined  from  a 
calibration  curve. 

Data  was  presented  as  means  standard  deviation.  SPSS  software  package  (SPSS  for  Windows  release 
11.50)  was  used  for  statistical  analysis.  The  analysis  results  were  evaluated  based  on  Mann- Whitney  U  test 
statistics  and  a  p<0.05  was  considered  significant. 

3.  RESULTS 

Lipid  peroxidation  (MDA  -  malondialdehyde),  GSH  (reduced  glutathione)  and  SOD  (superoxide 
dismutase)  analysis  results  are  given  in  Figure  3,  Figure  4  and  Figure  5,  respectively.  Levels  of  all  the  three 
parameters  of  interest  have  been  changed  significantly  under  EM  radiation  effect.  MDA  level  was  increased 
significantly  (p<0.0001)  for  the  experiment  group  (10.20  ±  0.78  mM/L)  when  compared  to  the  sham-exposed 
group  (6.77  ±  0.60  mM/L).  SOD  activity  was  also  increased  for  the  experiment  group  (2.53  ±  0.87  Units  /  mg 
Hb),  although  less  significantly  (p=0.019),  when  compared  to  the  sham-exposed  group  (1.79  ±  0.72  Units  / 
mg  Hb).  GSH  concentration,  on  the  other  hand,  decreased  significantly  (p<0.0001)  for  the  experiment  group 
(7.84  ±1.15  mg  /  g  Hb)  when  compared  to  the  sham  exposed  group  (19.19  ±  1.64  mg  /  g  Hb). 

4.  DISCUSSION  AND  CONCLUSION 

A  two-phase  experiment  was  designed  in  order  to  investigate  the  effects  of  EM  fields  at  GSM  BTS 
transmitter  frequencies.  In  the  first  phase,  EM  field  at  945  MHz  of  3.67  W/nr  power  density,  which  is 
calculated  to  produce  a  SAR  value  of  1 1.3  mW/kg,  was  applied  on  a  group  of  9  rats  inside  a  GTEM  Cell.  In 
the  second  phase,  the  same  number  of  rats  was  sham  exposed  under  the  same  conditions.  The  duration  was  7 
hours/day  for  a  period  of  8  days,  in  each  phase. 

Biochemical  analysis  of  blood  samples  indicate  that  the  GSM  BTS  EM  radiation  exposed  rats  have 
higher  concentration  levels  of  MDA  (malondialdehyde)  and  lower  GSH  (glutathione)  concentrations  when 
compared  to  the  sham  exposed  group.  This  outcome  is  in  agreement  with  the  results  of  some  previous  studies. 
Dasdag  et  al.  [9]  studied  the  effects  of  mobile  phone  EM  radiation  on  rat  brain  tissues,  where  rats  are  exposed 
to  EM  fields  for  20  min/day  for  30  days  (SAR=0.52  W/kg).  The  MDA  levels  in  rat  brain  tissues  increased 
significantly  after  exposure.  In  another  study  by  Ozguner  et  al.  [11],  renal  impairment  in  rats  was  investigated 
under  mobile  phone  radiation  (SAR=0.016  W/kg).  Rats  were  exposed  30  min/days  for  90  days  and  the  result 
was  increase  of  renal  tissue  MDA,  NO  (nitric  oxide)  and  urinary  NAG  (N-acetyl-(3-D-glucosaminidase)  levels 
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and  significant  decrease  of  tissue  SOD,  CAT  (catalase)  and  GSH-Px  (glutathione  peroxidase)  levels.  Ilhan  et 
al.  [10]  studied  mobile  phone  induced  oxidative  stress  in  rat  brain.  Rats  were  exposed  to  mobile  phone 
emissions  (SAR=0.25  W/kg)  for  1  hour/day  for  7  days.  MDA  and  NO  levels  were  increased  whereas  GSH-Px 
and  SOD  activities  were  decreased  significantly  in  rat  brain  tissue.  Additionally,  XO  and  ADA  levels  were 
also  increased.  Moreover,  Moustapha  et  al.  [24]  have  studied  acute  mobile  phone  exposure  effects  on  human 
volunteers  and  found  out  that  MDA  level  in  plasma  was  increased  and  GSH-Px  and  SOD  activities  were 
decreased  in  human  erythrocytes  after  lh,  2h  and  4h  of  exposure.  No  significant  change  was  observed  for 
CAT  activity  in  this  study. 

However,  some  other  studies  in  literature  have  concluded  in  no  relation  between  EM  field  exposure 
and  free  radical  activity.  Irmak  et  al.  [24]  have  shown  that  EM  radiation  from  mobile  phones  applied  30 
min/days  for  7  days  on  rabbits  had  no  significant  effect  on  rabbit  brain,  suggesting  that  oxygen  free  radicals 
were  not  generated.  But,  they  have  observed  a  significant  increase  in  serum  SOD  activity  in  the  exposed 
group.  In  addition,  Zmyslony  et  al.  [8]  have  exposed  rat  lymphocytes  in  vitro  to  930  MHz  continuous  wave 
(CW)  radiation  inside  a  GTEM  Cell  (SAR=1.5  W/kg).  Five  min  and  15  min  acute  exposure  resulted  in  no 
change  in  reactive  oxygen  species  production  in  living  cells.  However,  change  was  observed  when 
lymphocytes  were  treated  with  FeCl2  as  a  stimulating  agent. 

Some  research  studies  relates  oxidative  stress  to  certain  diseases.  In  a  Parkinson’s  disease  model  SOD, 
CAT  and  GSH-Px  activities  were  increased  in  striatum  and  ventral  midbrain  of  mice  [25].  In  another 
Parkinson’s  disease  model  Thiffault  et  al.  [26]  showed  an  increase  in  SOD  activity  with  no  increase  in  GSH- 
Px  activity  in  mice  brain.  Neuronal  GSH  deficiency  and  age  dependent  neurodegeneration  were  found  to  be 
related  with  the  down  regulation  of  excitatory  amino  acid  transporters  in  mice  [27]. 

According  to  our  results,  MDA  level  and  SOD  activity  were  increased,  whereas  GSH  concentration 
was  decreased  in  EM  radiation  exposed  rats  when  compared  to  sham-exposed  group.  We  think  that  decreased 
GSH  concentration  may  be  due  to  the  higher  consumption  of  GSH  for  scavenging  the  higher  production  of 
free  radicals.  The  lower  GSH  concentration  may  have  some  relation  to  the  increased  SOD  activity.  Note  that 
the  endogenous  GSH  has  a  protective  function  in  scavenging  radicals  and  in  molecular  repair.  However,  such 
scavenging  can  set  up  a  superoxide-dependent  chain  production  of  H202  and  oxidized  glutathione,  which 
would  oxidatively  stress  the  cell.  Therefore,  the  increased  SOD  activity  may  be  a  response  to  suppress  the 
higher  chain  oxidation  of  GSH,  or  a  response  to  balance  the  decreased  GSH  concentration. 

Thus,  the  up  regulated  SOD  activity  converts  Oy"  to  H202  and  down  regulated  GSH  concentration 
leads  to  the  insufficient  detoxification  and  accumulation  of  H202  in  the  system.  H202  is  known  to  be 
converted  to  hydroxyl  radical  in  the  presence  of  iron  rapidly,  which  is  the  most  damaging  form  of  ROS.  Note 
that  the  balance  between  GSH-Px  and  SOD  appears  to  be  important  for  the  cellular  resistance  to  oxidative 
stress  [28]. 

In  conclusion,  our  results  indicate  that  exposure  to  EM  fields  at  BTS  frequencies  may  modulate  the 
oxidative  stress  of  free  radicals  by  enhancing  lipid  peroxidation  and  reducing  the  concentration  of  GSH.  It  is 
highly  probable  that  detoxification  of  lipid  peroxyl  radicals  can  not  be  accomplished  in  our  system.  We  note 
that  reactive  oxygen  species  may  have  a  probable  role  on  adverse  effects  of  EM  fields  at  mobile 
telecommunication  frequencies.  The  outcome  of  this  study  needs  confirmation  by  repetitive  laboratory  studies, 
including  higher  dose  and  longer  duration  exposure,  and  theoretical  mechanisms  underlying  this  effect  should 
also  be  addressed  in  future. 
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Figure  1.  Electromagnetic  field  exposure  setup. 


Figure  2.  A  group  of  rats  contained  in  two  metabolic  cages  inside  GTEM  Cell. 
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Figure  3.  Effects  of  945  MHz  electromagnetic  radiation  on  lipid  peroxidation  levels  in  rat  blood  samples 
(mean  ±  SD).  p<0.0001  vs.  sham  according  to  Mann-Whitney  U  test. 


Table  1.  Exposure  parameters. 


Phase 

# 

Rat 

GTEM 

Input 

Power 

(W) 

Applied  E 
Field  Level 
(V/m) 

Power 

Density 

(W/m2) 

SAR 

(mW/kg) 

Exposure 

Duration 

(days) 

Effective 

Exposure 

Time 

(hours/day) 

Time  Spent 
in  GTEM 
Cell 

(hours/day) 

Experiment 

9 

12.5 

37.2 

3.67 

11.3 

8 

7 

7 

Sham  Exposure 

9 

- 

- 

- 

- 

8 

- 

7 
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Figure  4.  Effects  of  945  MHz  electromagnetic  radiation  on  GSH  concentration  in  rat  blood  samples  (mean  ± 
SD).  p<0.0001  vs.  sham  according  to  Mann- Whitney  U  test. 


Table  2.  Average  weights  of  the  rats  before  and  after  the  experiment  and  their  average  food  and  water 

consumption. 


GROUPS 

Initial  Weights 
(g) 

Weights  After 
Exposure 
(g) 

Average 
consumed  food 
per  day  by  single 
rat  (g) 

Average  consumed 
water  per  day  by 
single  rat  (ml) 

Experiment 

190  ±40 

220  ±  38 

22 

21 

Sham  Exposure 

162  ±43 

191  ±44 

30 

18 

o 

ro 

Q 

O 

cn 
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Figure  5.  Effects  of  945  MHz  electromagnetic  radiation  on  SOD  activity  in  rat  blood  samples  (mean  ±  SD). 
p=0.019<0.05  vs.  sham  according  to  Mann- Whitney  U  test. 
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Abstract 

In  the  range  0.1  -  3,000  Hz,  there  are  significant  disparities  between  basic  restrictions  in  the  ICNIRP  guidelines 
and  the  IEEE  (ICES)  standard,  even  though  in  both  these  are  derived  from  consideration  of  abnormal  retinal 
responses  (phosphenes)  and  peripheral  nervous  system  stimulation.  Considerable  uncertainties  exist  in  i) 
interpreting  the  available  data  ii)  in  determining  the  point  at  which  bioeffects  become  health  effects  and  iii) 
deciding  on  an  appropriate  margin  for  safety  for  occupational  and  general  public  exposure.  The  available  data 
tend  to  be  rather  sparse  outside  the  range  20  -  60  Hz. 

Recent  data  from  large-scale  voxel  models  and  from  human  volunteer  and  modeling  studies  of  the  effects  of 
MRI  switching  field  gradients  permit  some  comparisons  between  external  fields  known  to  cause  certain  bio¬ 
effects  and  external  fields  estimated  from  basic  restriction  values.  Some  interpolation  and  extrapolation  across 
the  frequency  range  is  possible.  In  particular,  electric  field  limits,  which  were  previously  thought  to  be  entirely 
determined  by  indirect  effects  (contact  currents  and  micro-shock)  should  now,  because  of  results  from  recent 
voxel-based  modeling,  be  determined  more  by  direct  effects  derived  from  basic  restrictions. 

The  presentation  will  review  the  approach  taken  by  a  Working  Group  for  the  development  of  the  Australian  ELF 
Standard 


Introduction 

The  Australian  ELF  Standard  Working  Group,  from  their  first  meeting,  faced  the  dilemma  of  whether  to  follow 
the  approach  of  ICNIRP  (ICNIRP  1998)  or  of  IEEE  (IEEE  2002)  in  recommending  basic  restrictions  for 
protection.  For  example,  at  power  frequencies  and  for  the  general  public,  the  former  approach  limits  induced 
current  density  ( J)  to  2  mA.m'2  (averaged  over  1  cm2  of  tissue,  perpendicular  to  current  direction)  and  the  latter 
limits  induced  electric  field  (£)„,)  to  different  limits  in  different  parts  of  the  body  (averaged  over  a  0.5  cm  line 
segment  in  the  body).  In  the  most  sensitive  value,  the  brain,  the  50  Hz  value  is  14.7  V/m.  Since  the  two 
quantities  can  be  related  via  J  =  <jEint,  the  two  approaches  can  be  made  equivalent  by  taking  a  =  0.136  S/m, 
which  is  not  too  different  from  the  average  value  of  0.2  S/m  often  used  as  an  average  value  for  tissue 
conductivity.  However,  because  of  the  different  assumed  frequency  variation,  the  disparities  become  very  large 
at  non-power  frequencies.  For  example,  the  difference  at  750  Hz  (assuming  a  =  0.136  S/m)  is  15-fold  (with 
IEEE  less  conservative)  and  at  1  Hz,  10-fold  (with  IEEE  more  conservative  at  these  lower  frequencies).  This 
forced  the  Working  Group  to  re-examine  the  experimental  data  upon  which  these  limits  (and  the  associated 
reference  levels)  were  derived.  A  number  of  important  issues  emerged,  as  follows: 

Synaptic  effects  in  the  retina 

A  number  of  experimental  reports  are  relevant  to  making  estimates  of  the  threshold  tissue  Eint  for  a  measurable 
physiological  response  to  occur.  Most  identify  20  Hz  as  the  frequency  for  the  lowest  threshold.  Eight  studies 
involve  the  application  of  current  to  the  retina  (electro-phosphenes)  and  three  the  application  of  alternating 
magnetic  fields  (magneto-phosphenes).  Considerable  assumptions  need  to  be  made  in  each  case  to  estimate 
tissue  threshold,  which  range  from  1  to  over  600  mV/m.  Although  there  is  a  large  overlap,  the  electro-phosphene 
thresholds  tend  to  be  higher  than  the  magneto-phosphene.  The  pooled  value  (assuming  the  two  phenomena  to  be 
equivalent)  is  56  mV/m  (95%  Cl  2.3  -  1330  mV/m).  This  is  very  close  to  the  RMS  value  used  as  the  basis  of  the 
IEEE  standard. 
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Peripheral  neural  stimulation 

Some  recent  work  on  human  perception  and  of  associated  mathematical  modelling  of  neural  stimulation  allows 
limits  to  be  estimated  for  this  phenomenon.  Most  of  this  refers  to  work  on  the  fields  associated  with  the 
switching  of  gradient  fields  in  Magnetic  Resonance  Imaging,  which  induce  currents  in  the  body  and  have 
characteristic  frequencies  typically  in  the  range  500  -  1,000  Hz.  A  threshold  for  perception  of  just  over  2  V/m 
was  identified  by  Nyenhuis  (Nyenhuis  et  al  2001)  but  further  analysis  using  more  sophisticated  models  gives  a 
rather  higher  value  of  around  4  V/m  (So  et  al  2004).  Other  work  (Liu  &  Crazier  2004;  Liu  et  al  2003),  tends  to 
confirm  that  the  threshold  value  for  sensation  is  lower  than  the  6.15  V/m  value  which  form  the  basis  for 
peripheral  nerve  stimulation  in  the  IEEE  standard  (and  which  was  derived  using  a  mathematical  model  of  a  long, 
20  pm  diameter  myelinated  nerve). 

Safety  margins 

There  is  considerable  debate  on  the  margin  that  should  exist  between  the  thresholds  just  discussed  and  basic 
restrictions  for  a)  occupational  or  ‘controlled  environment’  and  b)  general  public  categories  of  exposure.  ICNIRP 
uses  margins  of  10,  5  or  2  depending  on  the  context,  whereas  IEEE  uses  margins  of  either  1  or  3.  The 
justifications  for  the  actual  values  uses  are  often  not  fully  substantiated.  Another  area  of  debate  is  on  whether  the 
basic  restriction  should  be  related  to  a  threshold  for  sensation  or  for  harm/pain,  and  what  the  relationship 
between  these  two  levels  is.  There  is  some  useful  information  emerging  on  the  distribution  of  thresholds  within 
the  general  population. 

Reference  or  Maximum  Permissible  Exposure  Levels:  relationship  with  Basic  Restrictions 

Both  the  IEEE  and  ICNIRP  standards  use  simple  homogeneous  geometrical  models  of  the  human  torso/head  in 
order  to  derive  equivalent  external  field  limits.  In  recent  years  highly  sophisticated,  voxel-based,  models  of  both 
the  adult  male  and  female  have  become  available  (Caputa  et  al  2002)  (Dimbylow  2000;  Dimbylow  2005; 
Dimbylow  1998).  In  addition,  models  of  the  child  (Hirata  et  al  2001)  and  the  pregnant  female  Dimbylow 
(Dimbylow  2006)  have  also  been  studied.  Given  tissue-specific  Basic  Restriction  values,  the  corresponding 
external  fields  required  to  produce  these  can  be  found.  Although  most  of  this  work  is  at  power  frequencies,  other 
frequencies  in  the  ELF  range  have  also  been  studied  (Dimbylow  2005;  Dimbylow  1998).  This  allows  reference 
levels  to  be  calculated  for  both  the  avoidance  of  retinal  and  peripheral  nerve  stimulation  effects,  the  latter 
becoming  more  of  a  concern  above  a  few  hundred  Hz.  For  magnetic  ( B )  fields  reference  levels  can  be  derived 
fairly  straightforwardly,  but  levels  for  electric  ( E )  fields  are  a  little  more  complicated. 

Electric  field  limits:  direct  and  indirect  effects 

Previous  standards  have  assumed  that  Eint  induced  by  external  electric  (rather  than  magnetic)  fields  are  of  the 
order  of  fractions  of  mV/m  per  kV/m  external.  Electric  ( E )  field  reference  levels  have  been  set  to  avoid  indirect 
effects  such  as  contact  current  and  micro-shock.  The  former  effectively  limits  E  fields  via  the  Deno  formula 
(Deno  1975)  since  the  magnitude  of  contact  current  is  directly  proportional  to  E.  Contact  current  is  in  turn 
limited  by  considerations  of  annoyance  thresholds  for  the  general  population.  However,  the  voxel-based 
modelling  studies  just  described  predict  much  larger  Eint  values  than  previously  supposed  (up  to  50  mV/m  per 
kV/m  in  bone,  for  example).  Consideration  of  Ein,  in  excitable  tissue  gives  more  conservative  values  for  external 
E  than  are  given  by  the  Deno  formula.  However,  data  on  micro-shock  still  determine  //-field  reference  levels  for 
the  range  of  frequencies  less  than  100  Hz  (and  including  DC). 

Giving  protection  below  0.1  Hz 

Here,  external  E-  and  //-fields  need  to  be  considered  separately:  for  E-fields  the  need  to  avoid  the  production  of 
micro-shocks  in  DC  fields  gives  similar  reference  levels  to  those  at  power  frequencies.  On  the  other  hand,  data 
on  //-fields  is  much  more  sparse,  but  it  would  appear  that  the  reference  level  at  DC  should  be  at  least  two  orders 
of  magnitude  higher  than  at  power  frequencies. 

Progress  within  the  Australian  Working  Party  for  an  ELF  Standard 

The  Working  Party  has  developed  a  draft,  incorporating  the  considerations  just  outlined,  which  it  hopes  will  be 
available  for  public  comment  before  the  end  of  the  year.  At  power  frequencies,  analysis  along  the  lines  just 
described  tend  to  the  view  that  the  ICNIRP  //-field  reference  levels  are  too  conservative  and  the  //-field  levels 
too  lax.  Other  considerations  include:  whether  in  controlled  circumstances  or  activities  reference  levels  can  be 
relaxed  for  both  occupational  and  general  public  exposures;  what  precise  tissues  (and  what  volume)  do  the  basic 
restrictions  refer  to;  what  the  safety  margins  should  be?  A  Regulatory  Impact  Statement,  which  will  include  cost- 
benefit  analyses  of  a)  regulatory  adoption  or  b)  voluntary  compliance  (with  the  standard  as  an  educative 
document),  is  being  prepared. 
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Abstract 

The  aim  of  the  study  was  evaluation  the  effect  of  occupational  exposure  to  electromagnetic  fields  (EMF)  on  the 
cardiovascular  system. 

The  examinations  covered  all  technical  personnel  employed  at  selected  AM  Broadcast  Stations  (738  -1503  kHz)  - 
(I),  radio  services  (150  -  170  MHz  -  (II),  power  substations  (50  Hz)  -  (III),  radio  and  TV  broadcasting  stations 
(VHF  30-300  MHz  and  UHF  0.3-3  GHz)  -  (IV),  and  Radio  Link  Stations  (no  EMF  exposure)  -  (0).  Maximum 
electric  field  strength  (Emax)  and  magnetic  flux  density  (Bmax)  were  assessed  and  doses  per  work  shift  -  F(J0SC 
and  B(jose  were  calculated.  287  male  workers  aged  21-69,  with  employment  duration  1-  42  years,  underwent 
medical  examination,  resting  and  24-h  ECG,  ambulatory  blood  pressure  monitoring  (ABPM).  Risk  of 
abnormalities  (mostly  ventricular  arrhythmia)  in  resting  and/or  24-h  ECG  was  significantly  higher  for  group  I  than 
for  controls  (OR=  6.6).  In  the  group  III,  ABPM  revealed  a  significantly  higher  risk  of  increased  BP  values,  referred 
mainly  to  systolic  BP  at  night-time  (OR=12.5).  Also  in  group  IV,  BP  disturbances  were  significantly  more  frequent 
than  in  controls  (OR=8.6).  Cardiovascular  abnormalities  correlated  with  EMF  maximum  value  as  well  as  its  dose.  In 
all  cases,  the  exposure  levels  were  below  Polish  OEL  values.  Nevertheless,  significant  cardiac  abnormalities, 
related  to  EMF  frequency  and  intensity,  were  observed. 

Introduction 

The  electromagnetic  fields  are  commonly  present  both  in  the  communal  and  work  environments.  The  potential 
hazard  they  may  pose  to  human  health  is  a  matter  of  dispute  among  scientists.  The  external  electric  and 
magnetic  fields  have  a  theoretical  potential  to  affect  the  functions  of  different  body  systems  through  generating 
electric  impulses  within  them.  Most  sensitive  to  EMF  influence  are  the  cardiovascular  and  nervous  systems, 
particularly  the  autonomic  nervous  system  responsible,  among  others,  for  neurovegetative  regulation  of  the 
cardiovascular  function.  The  experimental  studies  conducted  thus  far  indicate  that  EMF  within  radio-, 
microwave  and  power  frequencies  can  produce  measurable  biological  effects.  However,  there  is  no  simple 
relation  between  the  biological  and  health  effects.  The  biological  effects  detected  at  the  cell  or  tissue  level  may 
not,  and  most  often  do  not,  translate  into  overt  health  effects,  owing  to  the  adaptation  and  repair  mechanisms  of 
the  living  organisms.  Moreover,  the  findings  of  experimental  animal  studies  can  hardly  be  extrapolated  to 
humans  in  view  of  the  anatomic  and  functional  differences  between  species. 

Therefore,  for  evaluating  health  effects  of  EMF  exposure,  the  most  significant  are  experimental,  clinical  or 
epidemiological  studies  on  humans.  The  experimental  studies  make  it  possible  to  assess  immediate  response  but 
not  the  delayed  effects.  Consequently,  they  are  of  little  use  for  the  assessment  of  effects  of  occupational 
exposure  that  may  last  several  years.  Much  more  valuable  are  the  clinical  studies.  However,  these  have  been 
rather  scarce  so  far.  Although  there  are  quite  a  few  reports  on  such  studies  conducted  in  the  former  Soviet 
Union,  they  have  been  commonly  criticized  for  several  methodological  drawbacks  and  deficiencies,  including 
ad  hoc  selection  of  the  study  population,  lack  of  control  group,  lack  of  accurate  assessment  of  electromagnetic 
environment,  and  lack  of  adjustment  for  the  confounding  factors  [1],  Further,  the  methods  applied  may  not  have 
been  relevant  to  the  study  objectives.  To  assess  the  cardiovascular  function,  the  authors  most  frequently  used 
resting  ECG  and  office  BP  measurements  which  are  inadequate  for  detecting  functional  impairments  or  early 
subclinical  signs  of  cardiac  dysfunction. 

Epidemiological  studies  can  provide  the  best  evidence  on  the  possible  health  effects  of  EMF  exposure.  The 
studies  performed  thus  far  were  intended  mostly  for  the  assessment  of  cancer  risk  from  EMF  exposure.  The 
results  of  the  first  epidemiological  study  concerning  the  cardiovascular  system  were  published  in  1999.  Savitz  et 
al.  [2]  examined  the  mortality  from  cardiovascular  diseases  in  relation  to  occupational  exposure  to  50  Hz  EMF 
in  a  cohort  of  138  903  male  electric  utility  workers  from  five  US  companies  over  the  period  of  1950-88.  Age-, 
race-,  and  social  class-adjusted  long-lasting  exposure  to  high  level  EMF  was  associated  with  an  increased  risk  of 
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death  from  arrhythmia-related  conditions:  (n=212)  SMR=1.1 1-2.04  and  acute  myocardial  infarction:  (n=4238) 
SMR=1.07-1.66.  These  data  suggest  a  possible  association  between  occupational  EMF  exposure  and  arrhythmia- 
related  heart  disease. 

Few  epidemiological  studies  on  non-carcinogenic  effects  of  radio  frequency  and  microwave  EMF  exposures 
have  been  published.  It  was  only  the  questionnaire  studies  on  subjective  complaints  among  mobile  phone  users 
and  physiotherapists  [3-5]. 

Since  1993,  in  Nofer  Institute  of  Occupational  Medicine,  has  been  conducting  comprehensive  studies  on  the 
neurovegetative  regulation  of  the  cardiovascular  function  in  workers  exposed  to  different  frequency  EMFs  [6-9]. 
The  aim  of  these  studies  is  to  investigate  the  influence  of  EMF  exposure  on  the  cardiac  function  and  find  out 
whether  and  to  what  extent  the  EMF  frequency  and  exposure  level  can  determine  the  type  of  cardiovascular 
abnormalities  and  neurovegetative  function  affected. 

Methods 

For  the  study,  the  non-invasive  methods  of  24-h  ECG  (Flolter)  and  blood  pressure  monitoring  (ABPM)  have 
been  applied  which  are  useful  for  the  examinations  of  healthy  individuals  during  their  normal  professional  and 
daily  activities.  These  methods  are  helpful  in  detecting  not  only  the  clinical  manifestations  of  the  disease,  but 
also  in  early  diagnostics  of  a  dysfunction  of  the  cardiovascular  system.  The  examinations  were  carried  out  in 
compliance  with  the  standards  of  the  International  Society  for  Flolter  and  Noninvasive  Electrocardiology  [10]. 
The  protocol  was  approved  by  the  Regional  Biomedical  Ethics  Committee. 

In  all  workers  the  following  examination  were  performed: 

>  anamnesis,  with  an  interview  on  the  risk  factors  of  cardiovascular  diseases:  family  history  of 
metabolic  and  cardiovascular  diseases,  lifestyle,  nutritional  habits  and  physical  activity, 

>  routine  physical  examination,  with  office  blood  pressure  measurement  (according  to  WFIO  guidelines), 

>  routine  ECG  during  rest  in  the  supine  position,  using  Medea  system  (Gliwice,  Poland)  from  12  typical 
leads.  The  results  obtained  were  evaluated  based  on  generally  adopted  standards, 

r  24  h  ECG  monitoring  on  normal  workday,  using  Medilog  Suprima  (Oxford,  England)  set  from  three  bipolar 
leads.  This  method  is  thought  to  ensure  the  most  accurate  diagnostics  of  cardiac  rhythm  disturbances, 
conduction  impairments  and  ischemia,  especially  silent  ischemia.  Final  results,  including  heart  rate, 
symptoms  of  ischemia,  arrhythmia  and  conduction  disturbances  were  related  to  the  international  standards 
for  Flolter  ECG  [10], 

>  Blood  pressure  monitoring  (ABPM)  -  24-h  ambulatory  blood  pressure  monitoring  was  performed  during 
everyday  professional  and  other  activities  using  DX-Medilog  Systems.  The  measurements  were  carried 
out  automatically,  every  half  hour  during  daily  activities  and  every  hour  during  sleep.  Mean,  systolic  (BPS) 
and  diastolic  (BPD)  blood  pressure  and  heart  rate  (FIR)  for  24  hours  (O),  day-time  activity  (D)  and  night¬ 
time  rest  (N)  were  calculated  and  related  to  the  Staessen's  standards  of  arterial  blood  pressure  as  the 
reference  values  [11].  The  day-night  ratios  were  determined  for  systolic  and  diastolic  blood  pressure 
(BPSD/BPSN,  BPDD/BPDN).  Subjects  with  BP  ratio  lower  than  1.1  are  called  the  ‘non-deepers’ 
(subjects  without  a  physiological  nocturnal  decrease  in  systolic  and/or  diastolic  blood  pressure). 

>  Exposure  evaluation:  To  assess  the  worker’s  individual  exposure  to  EMF,  the  following  parameters  were 
measured: 

I.  in  workers  at  AM  broadcasting  stations:  maximum  value  of  electric  field  strength  (Emax)  and  dose  per 
workshift  (EDose), 

II.  in  workers  of  radioservices,  who  were  periodically  exposed  to  EMF  emitted  by  the  repaired 
equipment  only  (Emax)  were  measured,  because  it  was  impossible  to  calculate  (EDose), 

III.  in  workers  at  substations:  maximum  value  of  electric  field  strength  (Emax),  maximum  value  of  magnetic 
flux  density  (Bmax)  and  doses  per  workshift  -  EDose  and  BDose, 

IV.  in  workers  at  broadcasting  stations:  maximum  value  electric  field  strength  (Emax),  mean  value  of  E 
(Emean)  and  lifetime  dose  of  E  (Edose)  separately  for  VF1F,  UF1F  and  VF1F+UF1F.  Our  assessment  of 
exposure  was  based  on  the  spectrum  analysis  of  a  typical  station  broadcasting  in  UF1F  and  VF1F 
bands  and  on  the  specifications  of  the  apparatus  installed  there. 

The  EMF  dose  was  determined  using  quasi-dosimetric  method.  The  following  procedures  had  to  be  completed 
prior  to  final  exposure  assessment: 

1.  Assessment  of  the  average  time  the  workers  spent  in  particular  functional  units  of  the  object  within  a 
workshift.  This  was  based  on  an  interview  and  work  timing  of  each  worker. 

2.  Calculation  of  the  mean  intensity  of  electric  and  magnetic  field  (if  it  was  measureable)  This  was  done  by 
carrying  measurements  in  several-several  dozen  locations  all  over  each  unit  where  the  workers  were 
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staying.  The  results  of  these  partial  measurements  were  then  averaged  for  the  whole  area  of  the  unit.  In 
each  of  such  areas,  the  maximum  values  were  recorded  of  electric  and  magnetic  field  intensities  that  the 
workers  had  been  exposed  to. 

3.  For  exposure  assessment,  the  highest  of  the  maximum  value  of  EMF  and  the  total  E  and  H  doses  per 
workshift  were  considered.  Lifetime  dose  was  calculated  for  each  worker  from  the  history  of 
employment  and  job  timetable. 

For  electric  field  intensity  measurement,  the  HOLADAY  Ind.  (USA)  measuring  set  and  broad-band  MEH-la 
meter  (Technical  University,  Wroclaw,  Poland)  were  applied 

For  measurements  of  magnetic  field  intensity,  the  MNP89  meter  (Technical  University  of  Wroclaw, 
Poland)  was  applied. 

Subjects 

The  groups  under  study  consisted  of  technical  personnel  and  security  service  workers  who  were  qualified  by  the 
occupational  health  practitioners  as  capable  for  work  at  permissible  EMF  levels.  The  subjects  were  randomly 
selected  from  the  total  number  of  such  stations  in  Poland.  All  workers  at  each  appointed  station  were  examined. 
All  subjects  from  the  exposed  and  control  groups  gave  their  formal  consent  prior  to  inclusion  in  the  study. 
Before  the  onset  of  the  examinations,  all  the  procedures  were  explained  in  detail  to  each  participant. 

The  examinations  were  carried  out  in: 

>  AM  broadcasting  stations  -  exposed  group  I.  The  AM  stations  selected  for  the  study  operate  at 
frequencies  ranging  from  738  kHz  to  1503  kHz.  These  objects  can  be  characterized  by  permanent 
exposure  of  their  workers  to  electromagnetic  fields  (mostly  electric).  The  main  source  of  EM  fields  in  the 
AM  stations  are  the  transmitting  antennas  (half-wave  dipole),  radio  transmitters  and  feeders  (which 
conduct  radio  signals  from  the  transmitter  to  the  antenna), 

r  Radio-services  -  exposed  group  II.  Mobile  radio-communication  network  requires  permanent  technical 
supervision  by  radio-service  units.  During  the  service  operations,  undesirable  EM  fields  are  generated  by 
unscreened  transmitters,  improper  tuning  instruments  and  transmitting-receiving  antennas  installed  in  the 
service-rooms.  The  radio-service  workers  under  study  were  exposed  to  EM  fields  with  frequency  varying 
from  150  to  170  MHz, 

>  Substations  -  exposed  group  III.  Substations  are  the  element  of  a  power  system,  in  which  electric  power  is 
distributed  and/or  transformed.  The  substations  under  study  work  at  high  and  extra  high  voltage  (110  kV- 
400  kV).  The  substation  equipment  is  a  source  of  50  Hz  electric  and  magnetic  field,Broadcasting  stations 
that  operate  at  frequencies  ranging  from  66  MHz  to  727  MHz  -  exposed  group  IV,The  operators  of 
radio-  and  TV  stations  are  exposed  to  different  EMF  levels,  depending  on  various  factors  such  as 
transmitter  technological  characteristics,  feeder  quality,  distance  from  the  antenna,  etc.  These  factors 
differ  considerably  between  the  individual  broadcast  stations. Radio  Link  Stations  -  the  control  group  (0). 
Radio  Link  Stations  are  the  elements  of  a  telecommunication  system  in  which  signals  are  transmitted 
using  EM  waves  focused  into  very  row  beams  by  directional  (mostly  parabolic)  antennas.  As  the 
antennas  are  installed  in  highly  inaccessible  locations  and  the  radiation  beams  run  high  above  the  ground, 
the  workers  of  the  Radio  Link  Stations  are  free  from  being  exposed. 


Table  1.  Characteristics  of  the  study  population 


Exposed  groups 

Control 

AM 

Radioservices 

Substations 

Broadcasting 

group 

Radio  Link 

Broadcasting 
Stations  (I) 

(II) 

(HI) 

stations  (IV) 

Stations  (0) 

Number  of  subjects 

71 

40 

63 

71 

42 

Age  (years) 

46.9±13.1* 

36.9±11.5 

39.0±10.0 

45.3±9.4 

40.7±2.2 

Employment  (years) 

18.6±12.1 

12.5±9.5 

15.0±10.0 

19.1±8.8 

17±13 

Diseases  diagnosed: 
hypertension 
diabetes,  type  II 
Subjective  symptoms 

12  (17%) 

1 

31  (44%) 

6  (15%) 

0 

26  (65%) 

11  (17%) 

0 

30  (46%) 

11  (15%) 

1 

36  (51%) 

8  (19%) 

1 

15  (29%) 

BMI 

26.0±3.0 

25.0±3.0 

26.0±4.0 

26.9±3.8 

25.4±4.0 

No.  of  smokers  (more 
than  10  cigarettes/day) 

33  (47%)* 

15  (37.5%) 

21  (33%) 

17  (24%) 

17  (40%) 

BMI  (body  mass  index)  =  body  mass/height”  (kg/rrf ) 
*  statistically  significant  difference  (p<0.05) 
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The  exposed  groups  were  similar  with  respect  to  the  level  of  leisure  time  physical  activity,  and  dietary  and 
smoking  habits.  They  differed  only  with  regard  to  the  age.  The  possible  influence  of  this  difference  on  the  study 
results  was  eliminated  using  statistical  methods. 


Results 

In  all  the  exposed  groups,  the  assessment  of  EMF  exposure  revealed  levels  not  higher  than  those  attributed  to 
the  hazard  area  according  to  Polish  OEL  values. 

Table  2.  EMF  exposure  in  the  study  groups 


Groups 

AM  Broadcast 
Stations  (I) 

Exposed 

Radio-services 

(II) 

Substations  (III) 

Broadcasting 
stations  (IV) 

Non-exposed 

Radio  Link 
Stations  (0) 

EMF 

738-1503  kHz 

150-170  MHz 

50  Hz 

66-727  MHz 

0 

frequency 

^max 

50-550  [V/m] 

2-55  [V/m] 

4. 3-6. 7  [kV/m] 

7.9-16.7  [V/m] 

0 

®max 

negligible 

negligible 

26.1-37.3  [mT] 

negligible 

0 

Edose 

50-260  [(V/m)h] 

irregular 

0.2-15.2  [(kV/m)h] 

50-260  [(V/m)h] 

0 

Bdose 

negligible 

exposure 

negligible 

1.4-38.9  [mTh] 

negligible 

0 

Our  studies  did  not  reveal  any  significant  differences  between  the  exposed  and  non-exposed  groups  with  respect  to 
the  frequency  of  abnormalities  in  resting  ECG.  Significant  differences  between  group  (I)  and  other  groups,  were 
found  in  Flolter  24-h  ECG  and  when  the  resting  and  Flolter  ECGs  were  regarded  as  complementary  (table  3)  In 
group  (II-IV)  the  abnormalities  in  24-h  and/or  resting  ECG  were  more  frequent  than  in  non-exposed  group,  but  the 
differences  were  insignificant.  In  group  (I)  among  the  abnormalities  in  Holter  ECG  records  dominated  the 
ventricular  heart  rhythm  disturbances,  in  others  repolarization  impairments.  In  switch-yard  substation  workers 
(group  III)  exposed  to  high  and  extremely  high  voltages  ranging  from  110  kV  to  400  kV  blood  pressure  changes 
prevailed  among  the  recorded  cardiovascular  impairments  and  were  significantly  more  frequent  in  the  exposed 
group  than  in  controls  (table  3).  The  ambulatory  blood  pressure  monitoring  revealed  an  increased  frequency  of 
subjects  with  elevated  BP  in  substation  workers  (38%),  and  Broadcasting  Stations  workers  (32%)  as  compared 
with  the  non-exposed  subjects  (23%). 

Table  3.  Percentage  of  subjects  with  ECG  and  blood  pressure  abnormalities 


Groups 

A:  resting 
ECG 

B:  Holter 
monitoring 

A  and/or  B 

ABPM 

Office  BP 

AM  broadcasting 
stations  (I) 

34 

56 

83 

6 

20 

Radioservices  (II) 

30 

32.5 

55 

20 

22.5 

Substations  (III) 

29 

40 

48 

38 

19 

Broadcasting  stations 
(IV) 

34 

44 

59 

70 

34 

Radio  Link  Stations 
(0) 

26 

31 

40 

23 

19 

P 

ns 

I  vs.  0 

(p=0.02) 

I  vs.  0 

(p=0.001) 

III  vs.  0, 

IV  vs.  0 
(p=0.04) 

ns 

In  group  (III)  and  (IV)  the  mean  systolic  blood  pressure  for  24  hours,  day-time  activity  and  night-time  rest  were 
significantly  higher  than  in  the  controls.  Mean  values  of  diastolic  blood  pressure  for  24  hours  (24-h)  and  night-time 
rest  were  significantly  higher  in  the  group  IV  (Fig.  1).  In  groups  I  and  II  in  comparison  with  control  group  it  has 
been  found  that  mean  blood  pressure,  both  24-h  and  that  recorded  during  daytime  and  at  night,  did  not  show 
statistically  significant  differences.  Only  the  diastolic  blood  pressure  recorded  during  the  night  hours  was  higher 
in  group  I,  II  and  IV  than  in  the  control,  but  the  difference  was  on  the  border  of  the  statistical  significance  (p  = 
0.0512). 

Number  of  non-dippers  was  significantly  higher  in  group  I  (37%)  and  III  (48%)  and  IV  (61%)  in  comparison  with 
control  group  (23%)  and  group  II  (28%).  HRD  was  found  to  be  significantly  lower  in  the  groups  I  and  III  than  in  the 
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control  group,  despite  the  fact  that  physical  and  mental  load  during  work  and  leisure  time  were  similar.  HRD/HRN 
was  significantly  lower  in  the  groups  I,  II  and  III  than  in  the  control  group.  The  decreased  value  of  this  parameter 
may  indicate  a  dysfunction  of  the  neurovegetative  regulation. 

In  the  group  IV  it  was  a  significantly  higher  percentage  of  subjects  with  impaired  BP  regulation,  expressed  as  the 
absence  of  physiological  nocturnal  systolic  and  diastolic  BP  drop. 


Fig.  1.  Blood  pressure  in  the  study  groups  (ABPM  results) 

The  risk  analysis  revealed  that  the  probability  (odds  ratio)  of  abnormalities  in  resting  and/or  24h  ECG  was  6.6 
for  group  I,  2.0  for  group  II,  1.4  for  group  III  and  4.5  for  group  IV,  as  compared  with  the  control  group.  On  the 
other  hand,  the  ABPM  monitoring  revealed  that  when  compared  to  the  values  found  for  controls,  the  risk  of 
elevated  blood  pressure  was  lower  in  group  I,  comparable  in  group  II,  and  significantly  higher  in  group  III  and 
IV.  The  increased  BP  values  referred  mainly  to  systolic  pressure  at  night  (odds  ratio=12.5).  In  group  IV,  the  risk 
of  elevated  arterial  blood  pressure  was  8.6. 

Relationship  between  cardiovascular  disturbances  and  parameters  characterizing  the  level 
of  exposure. 

The  disturbances  in  ECG  and  blood  pressure  regulation  were  dependent  on  EMF  exposure  level.  In  group  I,  a 
significant  relationship  was  found  between  mean  BPSN  and  Ed0Se  (p=0.004)  as  well  as  between  BPSN  and  Emax 
(p  =  0.03).  In  group  II,  the  relationship  between  BP  level  and  exposure  parameters  was  not  analysed.  Such  an 
analysis  could  not  be  performed  due  to  the  specific  job  characteristics  in  this  group  -  the  workers  were 
periodically  exposed  to  EMF  emitted  by  the  repaired  equipment  and  it  was  impossible  to  determine  the  level  of 
their  exposure.  In  group  III,  BP  disturbances  significantly  correlated  with  exposure  parameters.  BPDO,  BPDD,  and 
BPDN  were  found  to  depend  on  the  period  of  employment  (p=0.023,  p=0,05,  p=0.001  respectively).  A 
significant  correlation  was  found  between  BPSN  and  BPDN  and  the  maximum  values  of  electric  and  magnetic 
fields  (p=0.043  and  p=0.026).  In  group  IV,  the  disturbances  in  blood  pressure  regulation  were  dependent  on  EMF 
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exposure  parameters.  The  risk  of  BP  changes  increased  with  higher  lifetime  dose  in  the  UHF-VHF  bands  (OR=2.3) 
as  well  as  higher  Emean  in  the  UHF  and  VHF  bands  (OR=2.3,  OR=2.5,  respectively).  The  risk  of  impaired  BP 
regulation  (no  nocturnal  blood  pressure  drop)  significantly  increased  with  lifetime  dose  in  the  UF1F  range  (OR=2.6) 
and  with  a  growing  Emean  in  the  VF1F  range  (OR=2.1). 

Summary 

Although  the  occupational  exposure  limits,  as  laid  down  in  respective  Polish  regulations,  were  not  exceeded,  the 
different  impairments  in  circulatory  system  were  observed  in  exposed  workers.  In  workers  at  AM  broadcasting 
stations,  heart  rhythm  disturbances,  detected  by  24-h  ECG  monitoring,  were  more  frequent  than  in  the  non-exposed 
workers  as  well  as  workers  exposed  to  50  Hz  EMF.  On  the  other  hand,  in  workers  at  substations  and  broadcasting 
stations,  an  increased  frequency  of  elevated  BP  (detected  with  ABPM)  was  found,  compared  with  other  groups.  Our 
results  suggest  that  the  frequency  of  EMF  determines  the  type  of  the  observed  cardiovascular  disturbances. 

Significant  BP  disturbances  occurred  mainly  at  night;  therefore,  the  office  BP  measurement  is  inadequate  to  detect 
them.  It  is  also  worth  noting  that  in  EMF-exposed  workers,  increased  BP  levels  in  ABPM  could  be  found  both  in  the 
persons  showing  normal  and  increased  BP  values  in  a  single  office  measurement.  Therefore,  the  present  scope  of 
prophylactic  examinations  seems  to  be  inadequate  for  workers  occupationally  exposed  to  EMF  and  it  should  be 
extended  with  24h  monitoring  of  the  ECG  and  blood  pressure. 
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Abstract 

The  external  electric  and  magnetic  fields  have  been  evaluated  near  a  132  kV  transmission  line,  where  members 
of  the  general  public  are  likely  to  be  exposed.  A  double  circuit  existing  transmission  line  is  used  for  the 
assessment.  The  fields  have  been  generated  using  EPRI's  EMF  workstation  software.  The  field  calculations  are 
based  on  the  charge  simulation  method  for  the  electric  field,  and  Biot-Savart  law  for  the  magnetic  field.  The 
predicted  electric  field  at  the  right  of  way  was  found  to  be  0. 165  kV/m  and  the  magnetic  field  was  21 .4  mGauss. 
The  results  are  presented  in  the  form  of  field  profiles  at  ground  level  around  one  span  for  both  sides  of  the 
transmission  line,  and  up  to  250  ft.  from  the  centre  of  the  transmission  line.  The  results  for  both  the  electric  and 
magnetic  fields  have  been  compared  with  the  international  standards  for  the  maximum  allowable  level.  The 
comparison  shows  that  members  of  the  general  public  are  exposed  to  field  levels  below  those  set  by  the 
standards. 

Introduction 

Exposure  of  the  general  public  to  electric  and  magnetic  fields  resulting  from  high  voltage  power  transmission 
lines  has  been  of  prime  concern  for  many  years  among  electric  power  establishments  as  well  as  the  general 
public.  Field  assessment  and  epidemiological  studies  drew  a  lot  of  attention  to  this  during  the  past  few  decades. 
The  aim  of  these  studies  has  been  to  establish  the  safe  exposure  levels  to  power  frequency  electric  and  magnetic 
fields  for  the  general  public  as  well  as  line  workers.  Limited  knowledge  and  information  available  regarding  the 
general  public  exposure  to  these  fields  tends  to  magnify  intensively  the  risk  of  exposure  to  extremely  low 
frequency  fields.  The  SEC  transmission  networks  above  110  kV  spans  a  total  length  of  33,685  circuit-km  (ckm). 
This  consists  of  7,490  ckm  for  110-115  kV,  14,451  ckm  for  132  kV,  3,850  ckm  for  230  kV  and  7,894  ckm  for 
380  kV  of  transmission  networks  [1].  These  figures  indicate  the  proximity  of  high  voltage  transmission  lines  and 
locations  of  residential  areas  occupied  by  the  general  public.  They  also  justify  the  need  for  the  assessment  of  the 
electric  and  magnetic  fields  at  and  beyond  the  right  of  way  (ROW)  of  the  high  voltage  transmission  lines. 

There  has  been  rising  interest  over  the  years  in  determining  the  safe  exposure  levels  of  people,  mainly  workers, 
and  the  general  public,  to  power  frequency  electric  and  magnetic  fields  [2]-[8].  Several  organizations  have 
developed  standards  and  guidelines  for  such  permissible  exposure  levels.  By  far,  the  most  important 
organizations  that  have  contributed  to  the  establishment  of  these  standards  and  guidelines  are  the  Institute  of 
Electronic  and  Electrical  Engineers  (IEEE)  [2],  and  the  International  Commission  on  Non-Ionizing  Radiation 
Protection  (ICNIRP)  [3].  There  are  other  organizations  such  as  the  American  Conference  of  Governmental 
Industrial  Hygienists  (ACGIH)  [4],  and  the  National  Radiological  Protection  Board  (NRPB)  that  have  made  a 
major  contribution  [5], [6].  There  are  many  government  agencies  and  organizations  that  have  published  articled 
on  this  subject  [7], [8]. 

The  permissible  levels  quoted  in  many  countries  refer  to  the  permissible  levels  set  by  the  IEEE  standard,  and 
the  ICNIRP  guideline.  Table  1  lists  a  summary  of  the  external  exposure  limits  for  60  Hz  for  the  IEEE,  ICNIRP, 
NRPB,  and  ACGIH  for  the  general  public. 
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Table  1 

Summary  Of  External  Exposure  Limits  for  The  General  Public. 


Organization 

E  (kV/m) 

BxlO4  (mG) 

IEEE 

5 

0.833 

ICNIRP 

4.2 

0.1 

NRPB 

12 

1.3 

ACGIH 

No  specific  standard  for  general  public. 

This  paper  presents  an  exposure  assessment  study  for  the  general  public  exposed  to  a  practical  double  circuit 
HV  transmission  line.  The  selected  line  spans  from  substation  81 14  (Qortoba  Area)  to  substation  8079  (Alhamra 
Area-Khorais)  in  the  Riyadh  region  of  Saudi  Arabia.  Its  nominal  voltage  and  power  ratings  are  132  kV  and  293 
MVA  respectively.  This  paper  introduces  detailed  system  data  after  this  introduction.  A  description  of  the 
charge  simulation  method  and  Biot-Savart  law  used  in  the  evaluation  of  the  electric  and  magnetic  fields  follow 
the  data  section.  The  results  of  the  external  fields,  with  emphasis  on  the  right  of  way  and  beyond  are  then 
presented.  The  following  section  introduces  a  comparison  between  the  evaluated  fields  and  the  standards  set  by 
the  IEEE,  ICNIRP,  ACGIH,  and  the  limits  recognized  and  used  by  several  countries  all  over  the  world.  The 
paper  terminates  with  a  conclusion,  acknowledgment,  and  references. 


System  Data 

A  real  double  circuit  transmission  line  is  selected  by  SEC  for  the  study  of  the  exposure  to  electric  and  magnetic 
fields.  The  selected  line  spans  from  substation  8114  (Qortoba  Area)  to  substation  8079  (Alhamra  Area-Khorais) 
in  Riyadh  region.  The  nominal  voltage  and  power  ratings  are  132  kV  and  293  MVA  respectively.  Detailed  line 
data  and  tower  dimension  are  presented  in  Fig.l.  and  line  details  is  delineated  in  Table  2. 


Fig.  1.  Tower  dimension  for  the  132  kV  transmission  line. 
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Table  2 

Transmission  Line  Data  for  the  132  kV  Line. 


Line  Ratings 

Rating  (MVA) 

293  MVA 

Nominal  Line  Voltage  (kVL-L) 

132  kV 

Actual  Line  Voltage  (kVL-L) 

132  kV 

Nominal  Line  Current  (kA) 

1.284  kA 

Peak  Load  Current  (kA),  for 
Both  Circuits 

Circuit  1 

Circuit  2 

603  A 

603  A 

Line  Conductor  And  Overhead  Ground  Wire  Parameters 

Conductor/Ground  Wire 

Conductor 

Ground  Wire 

Diameter  (cm) 

2.773  cm 

1.03  cm 

Number  of  Sub-conductors 

SINGLE 

Phase  Relation  of  Conductors 

VERTICAL 

(R-Y-B) 

Right  of  Way 

4 

0  m 

Full  span  (m) 

305  m 

Mid  Span  height  (m)  or  Sag  (m) 
(lowest  point) 

10m 

The  external  field  evaluation  has  been  carried  out  at  ground  level  and  for  distances  up  to  ±  250  ft  from  the  centre 
of  the  transmission  line.  This  range  encompasses  the  right  of  way  of  the  transmission  line  and  beyond  and  gives 
a  good  indication  of  the  level  of  exposure  of  the  general  public  to  the  electric  and  magnetic  fields  resulting  from 
the  near  by  transmission  line.  Similar  results  concerning  line  workers  have  been  reported  in  [15]. 


External  Electric  and  Magnetic  Field  Calculations 

The  basic  physics  of  quasi-static  fields  allow  separate  discussion  of  power  frequency  electric  and  magnetic 
fields  [9].  The  solution  methodology  for  both  the  electric  and  magnetic  fields  are  highlighted  in  this  section. 

A.  Charge  Simulation  Method 

The  solution  methodology  for  electric  field  is  based  on  the  two-dimensional  charge  simulation  method.  This 
commonly  used  approach  consists  essentially  of  two  stages:  (1)  calculation  of  the  equivalent  charges  per  unit 
length  of  conductor  and  (2)  calculation  of  the  electric  field  produced  by  these  charges.  A  detailed  treatment  of 
the  calculations  is  given  in  [  1 0]-[  1 3]  and  summarized  here.  The  general  relationship  used  to  calculate  the 
charges  on  a  multi  conductor  system  is  presented  in  matrix  form  in  (1). 

[Q]  =  [P] 1  [V] 

(i) 

Where:  [Q]  is  a  column  vector  of  the  linear  charge  on  each  conductor;  [V]  is  a  column  vector  of  the  potentials  of 
the  conductors;  [P]'1  is  the  inverted  matrix  of  the  Maxwell  potential  coefficients  of  the  conductors.  A  set  of 
image  conductors  is  used  with  charges  opposite  to  those  of  the  transmission  line.  The  actual  conductors  and 
their  images  are  characterized  by  real  and  imaginary  voltages  and  diameters.  Overhead  shield  wires  are  also 
included  in  this  method  (and  assumed  to  be  at  zero  potential).  For  bundled  conductors,  a  single  conductor  with 
an  equivalent  diameter  is  used,  on  the  basis  of  the  following  formula: 
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d 


eq 


=  D 


(2) 

where 

deq  is  equivalent  single  conductor  diameter;  n  is  number  of  sub  conductors;  d  is  diameter  of  individual  sub 
conductor  ;  D  is  geometric  diameter  of  the  bundle.  The  self  and  mutual  Maxwell  potential  coefficients  are 
calculated  for  the  conductor  system  on  the  basis  of  line  geometry  and  conductor  diameter  using  the  following 
equations. 

Self: 


1 

2  ne 


In 


J 


(3) 


Mutual: 


lJ  2ns 

where 

^  =  8.8  5  *  1 0-12 


f 

In 

v 


.  i\l/2 

(x/-x7.)-  +  (v/+  y.) 
(x.-Xj)2  +(yi-yj)2  y 


(4) 


F  /  m  (Dielectric  constant  of  air);  di  is  conductor  diameter  or  equivalent  bundle 


diameter  of  conductor  i  ;  yi,  yj  =  heights  of  conductors  i  and  j  above  ground;  xi,  xj  =  horizontal  coordinates  of 
conductors  i  and  j  with  respect  to  a  reference.  The  inverted  potential  coefficient  matrix  [P]"1  is  multiplied  by  the 
column  matrix  of  line-ground  conductor  voltages  to  yield  the  charges  per  unit  length  of  the  conductor,  as  shown 
in  (1).  These  charges  are  then  used  to  calculate  the  real  and  imaginary  parts  of  the  horizontal  and  vertical 
components  of  the  electric  field  [13]. 


B.  BIOT-S A  VAR T  Law 

The  basic  equation  for  calculating  the  magnetic  field  of  a  long,  straight  wire  is  derived  from  Ampere's  Law 
[11,14]  and  given  in  (5): 


2  nr 

(5) 

Where:  H  is  the  magnetic  field  intensity  (A/m);  1  is  the  electric  current  in  the  wire  (Amperes);  r  is  the 
distance  between  the  wire  and  the  point  of  interest  (meters) 

The  fundamental  unit  for  the  magnetic  field  intensity,  II.  is  the  Ampere  per  meter  (A/m).  However,  magnetic 
field  exposure  technology  often  uses  the  magnetic  flux  density,  B.  The  relationship  between  H  and  B  is  given  by 


B  =  juH 


(6) 


where:;  B  is  the  magnetic  flux  density  (Gauss);  g  =  Permeability  constant  used  for  both  air  and  ground 
(4;r*10  Henry /m) 

The  magnetic  field  is  a  vector  field  with  both  vertical  and  horizontal  components.  The  field,  as  computed  in  Eq. 
6,  is  separated  into  vertical  and  horizontal  components  by  multiplying  by  sin(  6 )  and  COS///) .  In  general,  both 
components  must  be  retained.  For  three-phase  ac  fields,  the  vertical  and  horizontal  components  must  be 
combined  individually  as  phasors,  regarding  the  angles  of  the  different  currents.  The  total  magnetic  field  is  the 
sum  of  all  the  contributions  from  the  line  currents  as  given  in  (7). 


B 


=  1 


(2  nri  ) 


<P,, 


:  1 0 


(7) 


r  (p 

Where:  lJ  is  the  distance  between  point  and  conductors  and  1,1  is  the  unit  vector  in  the  vector  cross-product 

r  . 

direction  of  the  current  vector  and  the  vector  segment  I,J  .  For  a  three  phase  ac  transmission  line,  the  field  at  any 
point  can  be  described  by  the  field  ellipse  (similar  to  the  electric  field). 
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Evaluation  of  the  External  Electric  &  Magnetic  Fields 

In  this  study  the  electric  and  magnetic  fields  produced  by  the  transmission  line  at  ground  level,  have  been 
modelled  using  the  subroutine  EXPOCALC  of  the  EPRI's  software  EMF  Workstation,  Version  2.51  [14].  The 
software  package  used,  starts  by  setting  the  general  required  parameters  such  as  the  designated  area  of  concern 
parameters,  the  structure  position,  boundary  area,  as  well  as  the  field  calculation  height.  The  line  design 
parameters  are  entered  in  a  detailed  manner  and  that  includes  phase  structure  of  the  line,  conductor  size,  applied 
voltage  and  the  operating  current.  The  span  specifications  are  then  taken  into  consideration. 

EMFW  software  provides  the  calculated  field  values  in  a  3-D  volume  around  the  transmission  line  space.  Fig.  2 
shows  the  3-D  calculated  electric  field  around  the  transmission  line  between  the  mid-span  point  and  the  tower 
location. 


7.25  m 


Fig.  2  Calculated  External  Electric  Field  Around 
the  Transmission  Line  between  Mid-Span  and  the 
Tower  Location. 

(a)  Tower-to-tower  geometry,  showing  mid¬ 
span  between  two  towers. 

(b)  3-D  Electric  field  profile  from  mid-span 
to  the  tower  for  a  lateral  distance  ranging 
between  ±  250  ft.  from  the  centre  line. 

(c)  2-D  Electric  field  profile  at  mid-span. 


Electric  Field  profile  from  Mid  Span  to  the  Tower 


Lateral  Electric  Field  profile  at  Mid  Span 
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The  2-D  electric  field  profile  shows  that  the  calculated  E  field  at  the  right  of  way  is  0.165  kV/m.  The  E  field 
decreases  with  increased  distance  from  the  centre  line  of  the  transmission  line. 

Similar  behaviour  is  observed  for  the  calculated  magnetic  field.  This  is  shown  in  Fig.  3  (a  and  b). 


Magnetic  Field  profile  from  Mid  Span  to  the  Tower  Lateral  Magnetic  Field  profile  at  Mid  Span 


Fig.  3  (a)  3-D  Magnetic  field  profile  from  mid-span  to  the  tower  for  a  lateral  distance  between  ±  250  ft. 

(b)  2-D  Magnetic  field  profile  at  mid-span. 


The  results  shown  in  the  2-D  profile  indicate  that  the  magnetic  field  value  at  the  right  of  way  is  10  mG,  which  is 
far  below  the  standards  set  by  the  IEEE,  ICNIRP  and  NRPB.  The  maximum  calculated  magnetic  field  at  the 
right  of  way  is  21 .4  mG,  which  is  still  far  lower  than  all  the  standards  set  for  the  general  public  exposure. 


Comparison  to  the  International  Standards 

The  calculated  electric  and  magnetic  field  exposure  levels  are  compared  to  the  universal  standards  such  as 
IEEE  Standard  C95.6  [2],  ICNIRP  guidelines  [3],  and  NRPB  [4].  The  comparison  is  given  in  table  3.  The  IEEE 
Standard  C95.6  recommends  limits  on  exposures  to  electric  and  magnetic  fields  in  the  frequency  range  of  0  to 
3000  hertz  (Hz). 


Table  3 

Comparison  of  the  Calculated  Fields  at  the  Right  of  Way  to  the  International  Standards 


Organization 

E  (kV/m) 

BxlO4  (mG) 

IEEE 

5 

0.833 

ICNIRP 

4.2 

0.1 

NRPB 

12 

1.3 

ACGIH 

No  specific  standard  for  general  public. 

At  ground 
level(ROW) 

0.165 

0.00214 
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The  highest  electric  field  exposure  level  computed  at  the  right  of  way  (ROW)  is  0.165  kV/m.  However,  the 
Maximum  Permissible  Exposure  (MPE)  for  the  power  frequency  electric  field  as  per  the  IEEE  Standard  C95.6  is 
5  kV/m  for  a  controlled  (occupational)  environment.  The  maximum  permissible  level  according  to  the  ICNIRP 
guidelines  for  occupational  exposure  is  4.2  kV/m.  The  limit  according  to  the  NRPB  Guidelines  for  Exposure  to 
60  Hz  EMF  is  12  kV/m. 

The  maximum  magnetic  field  computed  at  the  right  of  way  is  21.4  mG.  However,  the  Maximum  Permissible 
Exposure  for  the  power  frequency  magnetic  field  by  the  general  public  as  per  the  IEEE  Standard  is  0.833  x  104 
mG.  The  maximum  permissible  level  according  to  the  conservative  standard  ICNIRP  guidelines  is  0.1  x  104 
mG.  The  limit  according  to  the  NRPB  for  Exposure  to  60  Hz  EMF  is  1.3  x  104  mG.  There  are  no  limits  set  by 
the  ACGIH  for  the  general  public. 

The  highest  electric  and  magnetic  fields  exposure  level  for  the  SEC  132  kV  transmission  line,  therefore,  is 
well  below  the  limits  set  by  the  different  standards  for  general  public  exposure. 

Conclusion 

The  exposure  of  the  general  public  to  the  electric  and  magnetic  fields  associated  with  a  132  kV  HV 
transmission  line  has  been  evaluated.  The  EPRI's  EMF  Workstation  software  has  been  used  to  calculate  the 
external  electric  and  magnetic  fields  due  to  the  132  kV  high  voltage  transmission  line  at  ground  level  and  for 
distances  starting  from  the  right  of  way  of  the  transmission  line.  Comparison  of  the  values  of  external  electric 
and  magnetic  fields,  with  the  allowable  limits  set  by  international  standards  reveals  that  the  level  of  exposure  of 
the  general  public  to  extremely  low  frequency  electric  and  magnetic  fields  are  well  below  the  limits 
recommended  by  these  international  standards. 
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Abstract 

Background:  Recent  studies  suggest  that  about  10-15%  of  the  adult  population  experiences  tinnitus.  As  there 
are  indications  that  mobile  phone  use  could  be  a  risk  factor  for  the  occurrence  of  tinnitus,  we  performed  a  case- 
control  study  on  this  issue. 

Methods:  One  hundred  patients  presenting  with  tinnitus  at  the  Ear-Nose-Throat  (ENT)  Department  of  the 
Medical  University  of  Vienna  were  enrolled  into  the  study.  For  each  case  a  control  subject  was  randomly 
selected  matched  for  sex  and  age  with  various  diagnoses  not  related  to  tinnitus.  A  standardized  questionnaire 
(based  on  the  protocol  of  the  Interphone  study)  was  answered  by  study  participants.  Patients'  history  was 
obtained  and  clinical  examinations  were  conducted  to  exclude  known  underlying  causes  of  tinnitus.  Only 
patients  were  included  that  were  negative  in  this  respect  and  therefore  suffered  from  “idiopathic”  tinnitus.  Odds 
ratios  were  computed  based  on  conditional  logistic  regression  with  age,  sex,  years  of  education,  and  living  in  an 
urban  area  as  covariates. 

Results:  Mobile  phone  use  was  highly  prevalent  in  cases  as  well  as  controls  (>90%).  Concerning  mobile  phone 
use  up  to  the  index  date  (onset  of  tinnitus)  neither  regular  use  nor  intensity  or  cumulative  hours  of  use  had  a 
significant  effect.  However,  prolonged  use  (four  years  or  more)  of  a  mobile  phone  was  associated  with  a 
significant  odds  ratio  of  1.95  (Cl  1.003-3.80). 

Conclusions:  There  could  be  an  association  between  mobile  phone  use  and  the  occurrence  of  tinnitus  with  a 
latency  of  several  years. 


Introduction 

Subjective  tinnitus  (tinnitus  aurium)  is  defined  as  a  sound  sensation  that  cannot  be  attributed  to  an  external  sound 
source.  It  is  a  symptom  of  different  underlying  diseases,  not  a  disease  itself.  The  numerous  mechanisms  that 
produce  tinnitus  are  not  fully  known  and  associated  with  nearly  all  diseases  and  disorders  of  the  ear  (middle  ear, 
inner  ear)  and  retrocochlear  disease  also  causing  hearing  loss.  Different  hypotheses  explain  the  various 
pathophysiological  aspects  of  tinnitus  [1].  Tinnitus  seems  to  be  generated  predominantly  in  the  primary  afferent 
synapses  of  the  cochlea  [2,3],  but  leads  to  a  cortical  reorganisation  [3].  Tinnitus  is  experienced  by  the  patients 
either  uni-  or  bilateral  as  a  sound  in  the  ear/head  of  varying  quality  (e.g.  roaring,  hissing,  ringing);  it  may  occur 
of  non-pulsatile  or  pulsatile  character,  the  latter  may  be  due  to  vascular  pathology. 

Most  often  tinnitus  sensation  is  intermittent  and  sometimes  associated  with  specific  conditions  -  such  as  listening 
to  loud  music,  fever,  use  of  aspirin  or  quinine,  or  transient  perturbations  of  the  middle  ear  -  and  subsides  over  a 
period  of  time  ranging  from  a  few  seconds  to  a  few  days.  Studies  indicate  that  the  prevalence  of  tinnitus  in  adults 
falls  in  the  range  of  10-15%  [4-6]. 
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At  least  in  1-3%  of  the  general  population  tinnitus  affects  the  quality  of  life,  involving  sleep  disturbance,  work 
impairment  and  psychic  distress  [7]. 

Tinnitus  is  more  common  in  the  elderly  but  may  also  occur  in  children.  It  could  become  more  common  in  the 
future  as  a  direct  consequence  of  the  rise  in  recreational-noise-induced  hearing  loss  (i.e.  from  overly  loud  music) 
combined  with  an  increased  life  span.  Due  to  the  various  pathophysiological  mechanisms  of  tinnitus,  therapy  is 
problematic,  and  evidence-based  therapeutic  interventions  are  rare.  There  currently  are  very  few  interventions 
available  that  reduce  tinnitus  loudness  and  annoyance  effectively  [8].  Therefore  it  is  important  to  focus  research 
on  possible  (environmental)  risk  factors. 

During  the  last  years  the  habit  to  extensively  use  mobile  telephones  has  emerged,  such  that  the  majority  of  the 
population  of  Western  and  Middle-European  countries  are  regularly  using  these  phones.  There  are  concerns  that 
mobile  telecommunication  could  be  a  possible  risk  factor  for  the  occurrence  of  tinnitus  (complaints  of  patients  to 
environmental  out-patient  departments,  neighbours  of  basestations  [e.g.9]).  However,  up  to  now  there  have  been 
no  systematic  investigations  of  this  problem. 

Our  study  should  provide  first  answers  to  the  question  whether  or  not  intensive  use  of  mobile  phones  increases 
the  risk  of  tinnitus  occurrence. 


Methods 

Study  design  and  participants 

The  study  was  carried  out  as  a  hospital-based  case-control  study  at  the  Ear-Nose-Throat  (ENT)  Department 
Medical  University  of  Vienna,  Austria.  Cases  were  enrolled  consecutively  as  they  presented  at  the  out-patient 
unit.  For  each  case  a  control  was  selected  from  the  same  department,  of  the  same  age  group  (±2,5  years  <  55 
years;  ±5  years  >  55  years),  the  same  sex  and  ethnic  group.  Exclusion  criteria  were  diseases  of  the  middle  ear, 
status  post  middle  ear  surgery,  retrocochlear  disease,  severe  psychiatric  and  systemic  diseases  and  medication 
with  drugs  that  can  influence  tinnitus  (ototoxic  or  psychopharmacological  drugs).  Patients  with  acute  and  chronic 
tinnitus  who  attended  the  ENT  department  (age  16  to  80  years)  were  included. 

Controls  were  patients  without  any  concomitant  condition  that  is  related  to  tinnitus  (except  for  unspecific  causes 
such  as  hypertension). 


Diagnosties/investigation  procedure 

For  the  selection  of  patients,  the  diagnostic  test  battery  contained  the  following  procedures 

•  careful  history  with  special  regard  to  tinnitus  and  its  risk  factors 

•  clinical  ENT  examination  with  otomicroscopy 

•  pure-tone  and  speech  audiogram 

•  tympanogram  and  testing  of  the  stapedius  reflex 

•  subjective  rating  of  the  tinnitus 

•  tinnitus  matching 

•  MRI  (if  indicated,  to  exclude  retrocochlear  pathology) 


Each  case  that  was  enrolled  received  a  standardized  questionnaire  (Structured  Tinnitus  Interview,  STI  [8]).  Items 
refer  to  central  characteristics  of  tinnitus  history,  etiological  factors  and  tinnitus-related  psychological 
complaints.  In  addition,  a  medical  interview  was  conducted.  Patients’  history  and  clinical  examination 
concerning  possible  underlying  causes  of  tinnitus  were  obtained  by  usual  clinical  procedures.  For  each  patient  a 
CRF  (Case  Report  Form)  was  compiled  that  was  maintained  according  to  GCP  (Good  Clinical  Practice) 
guidelines. 

Pure-tone  and  speech  audiometry  (Clinical  Audiometer  AC  40,  Interacoustics©)  were  applied  in  order  to  exclude 
tinnitus  related  to  sudden  deafness  and  Morbus  Meniere.  Tympanometry  and  stapedius  reflex  measurements 
(Impedanz  Audiometer  AZ  26,  Interacoustics©)  were  carried  out  in  order  to  exclude  tinnitus  related  to 
conductive  hearing  loss.  If  retrocochlear  hearing  loss  was  suspected,  cranial  MRI  was  applied. 

For  the  evaluation  of  tinnitus,  both  a  subjective  rating  of  the  tinnitus  on  a  five -point  scale  (0  =  no  tinnitus;  1  = 
slight;  2  =  moderate;  3  =  severe;  4  =  tormenting  tinnitus)  and  a  tinnitus  matching  as  a  psychoacoustic 
measurement  of  tinnitus  were  carried  out. 
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The  audiometric  tinnitus  simulation  test  (=  tinnitus  matching)  (Clinical  Audiometer  AC  40,  Interacoustics©) 
determined  character  (pure-tone,  narrow  and  wide  band),  frequency  and  intensity  of  the  tinnitus.  Tinnitus 
matching  was  performed  contralaterally. 

With  the  help  of  this  procedure  tinnitus  subtypes  (esp.  temporo-mandibular  joint  dysfunction  related  tinnitus, 
cervical  tinnitus,  acute  tinnitus/ sudden  deafness/noise  trauma,  suspected  cochlear-synaptic  tinnitus)  could  be 
identified.  This  information  was  used  to  exclude  patients  with  known  underlying  pathophysiology. 

For  the  exploration  of  the  mobile  phone  habits  we  used  a  standardized  questionnaire  (based  on  the  protocol  of 
the  Interphone  Study  of  the  WHO).  In  short,  for  each  mobile  phone  the  subject  used  or  has  used,  the  type  of 
phone,  duration  and  intensity  of  use,  side  of  the  head  the  phone  was  predominantly  held,  use  of  head  sets,  use  in 
urban/rural  areas  and  in  cars  was  assessed.  In  addition,  to  assess  individual  microwave  exposure  for  future 
investigations  we  took  two  photos  of  the  participants  while  using  a  mobile  phone  in  typical  position. 
Furthermore,  somatometry  of  the  head  was  performed  on  specific  anthropogenic  diameters  (e.g.  tragus  -  tragus, 
biauricular  diameter)  with  a  calliper. 


Statistical  Methods 

Data  on  mobile  phone  use  were  censored  at  the  date  of  first  occurrence  of  tinnitus.  Index  date  of  controls  was  the 
occurrence  of  tinnitus  in  the  matched  case.  Intensity  of  use,  cumulative  number  and  duration  of  calls  were 
categorized  based  on  the  distribution  of  these  variables  in  controls:  The  median  (excluding  never  users)  was 
chosen  as  cut-off.  Reference  category  was  never  use  of  a  mobile  phone  (prior  to  index  date).  In  all  cases  data  on 
mobile  phone  use  were  adjusted  for  the  use  of  hands-free  devices.  Further  adjustments  were  applied  for  the  side 
of  the  head  of  predominant  use.  Mobile  phone  use  was  only  counted  if  it  occurred  on  the  same  side  of  the  head 
as  the  tinnitus  (controls  were  assigned  the  side  of  the  matched  case).  Duration  of  mobile  phone  use  was 
categorized  into  three  groups:  never  use  or  use  for  less  than  one  year  (reference),  1  to  4  years,  and  longer  than  4 
years. 

Conditional  logistic  regression  analyses  for  individually-matched  data  were  used  to  estimate  odds  ratios  and  95% 
confidence  intervals.  All  analyses  were  adjusted  for  gender,  age,  years  of  education  (less  than  and  12  years  or 
more)  and  living  in  an  urban  area. 


Results 

Subjects’  characteristics  were  comparable  in  cases  and  controls  (table  1).  Due  to  matching  for  gender  and  age 
these  variables  were  in  agreement,  but  also  other  personal  characteristics  did  not  differ  significantly  between 
cases  and  controls.  There  was  a  slight  tendency  for  a  somewhat  higher  socio-economic  status  (SES)  implied  by 
the  higher  education,  higher  rate  of  white  collar  workers  and  urban  residents  in  controls. 


Table  1 .  Demographic  characteristics  of  cases  and  controls 1  \  p-value  for  comparison  of  non-matching  variables. 


Cases 

Controls 

p-value 

Gender 

male 

54 

54 

female 

46 

46 

Age  (mean±SD) 

42.5±14.4 

42.5±14.5 

Partner 

with 

66 

69 

0.742 

without 

28 

28 

Education 

<12  years 

36 

29 

0.371 

>12  years 

63 

69 

Occupation 

unemployed 

6 

6 

0.624 

retired 

16 

16 

in  education 

15 

10 

blue  collar 

9 

10 

white  collar 

48 

53 

City  resident 

yes 

70 

76 

0.361 

no 

23 

18 

*  Percentages  not  summing  up  to  100  due  to  missing  values 
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Almost  all  subjects  at  time  of  inquiry  used  a  mobile  phone  (92%  and  93%  for  cases  and  controls,  respectively), 
however,  at  the  time  of  first  occurrence  of  tinnitus  (and  the  respective  index  date  in  controls)  only  73%  of  cases 
and  67%  of  controls  were  using  a  mobile.  Another  7%  of  cases  and  8%  of  controls  used  the  mobile  at  that  time 
for  less  than  one  year.  For  ever  users  prior  to  occurrence  of  tinnitus  there  was  a  slightly  but  not  significantly 
increased  odds-ratio  of  1.37  (95%  Cl:  0.73-2.57).  Moderate  increases  of  odds-ratios  were  noted  for  all  variables 
of  intensity  of  use:  average  daily  duration  of  use  for  10  minutes  or  more  was  associated  with  an  odds-ratio  of 
1.71  (95%  Cl:  0.85-3.45),  cumulative  hours  of  use  of  160  or  more  gave  an  odds  ratio  of  1.57  (95%  Cl:  0.78- 
3.19),  cumulative  number  of  calls  in  excess  of  4000  an  odds-ratio  of  1.28  that  was  less  than  for  lower  number  of 
calls  (odds-ratio  1.46)  possibly  indicating  greater  importance  of  duration  as  compared  to  number  of  calls.  A 
borderline  significant  result  was  obtained  for  duration  of  use  of  4  or  more  years:  odds-ratio  1.95  (95%  Cl:  1.003- 
3.80).  Test  of  trend  for  duration  of  use  was  also  significant  (p=0.046). 


Table  2,  Mobile  phone  use  and  risk  of  tinnitus. 


No.  of  cases 

No.  of  controls 

OR 

95%  Cl 

Mobile  phone  use 

never 

27 

33 

1.00 

ever 

73 

67 

1.37 

0.73-2.57 

Average  duration 

never 

27 

33 

1.00 

<10  min/day 

39 

34 

1.02 

0.48-2.16 

>10  min/day 

43 

33 

1.71 

0.85-3.45 

Cumulative  hours  of  use 

never 

27 

33 

1.00 

<160  h 

31 

34 

1.17 

0.56-2.42 

>160  h 

42 

33 

1.57 

0.78-3.19 

Cumulative  number  of  calls 

never 

27 

33 

1.00 

<4000  calls 

37 

33 

1.46 

0.71-3.00 

>4000  calls 

36 

34 

1.28 

0.62-2.63 

Y ears  of  mobile  phone  use 

never,  <1 

34 

41 

1.00 

1-3 

33 

36 

1.23 

0.61-2.47 

>4 

33 

23 

1.95 

1.003-3.80 

Discussion 

The  prevalence  of  tinnitus  has  increased  over  the  past  decade  and  is  currently  10-15%  in  industrialized  countries 
[7].  Increase  in  incidence  may  be  due  to  better  diagnostic  tools  and  increased  awareness  of  the  disease;  however, 
a  number  of  environmental  factors  have  been  implicated  to  increase  the  risk  of  tinnitus.  The  suspected  factors 
include  electromagnetic  fields  emitted  by  hand-held  cellular  telephones. 

Since  the  majority  of  the  population  is  using  mobile  phones  more  or  less  intensively  people  were  concerned 
about  effects  on  wellbeing  [11,12].  Practitioners  are  confronted  with  reports  of  sensation  of  tinnitus  related  to 
mobile  phone  use  by  their  patients  [13]. 

In  our  study  slight  increases  in  risk  were  noted  for  all  variables  of  intensity  of  use.  The  study  was  designed  to 
detect  a  twofold  increase  of  risk  with  80  percent  power.  Further  investigations  esp.  multicenter  designs  will  be 
more  efficient  to  detect  these  moderately  increased  risks.  Because  of  the  high  prevalence  of  tinnitus  and  the 
widespread  use  of  mobile  phones  even  a  small  enhancement  of  the  risk  could  be  of  public  health  importance. 

From  a  theoretical  point  of  view  this  possible  association  of  mobile  phone  use  and  occurrence  of  tinnitus  has 
some  plausibility,  because  the  cochlea  is  located  in  an  anatomic  region  where  a  considerable  amount  of  the 
power  emitted  by  cell  phones  is  absorbed  [14].  One  etiologic  factor  for  tinnitus  is  calcium  imbalance  in  the 
neural  acoustic  pathway.  It  is  well  known  that  exposure  to  modulated  high-frequency  electromagnetic  fields 
(FIF-EMF)  has  the  potential  to  affect  calcium  homeostasis  especially  in  neural  tissue  [15]. 

Because  some  mobile  telephones  (especially  newer  types)  cause  rather  high  exposure  of  the  cochlea  [14]  and 
along  the  acoustic  pathway  it  is  possible  that  tinnitus  could  be  caused  by  calcium  efflux.  Effects  of  exposure  on 
calcium  homeostasis  was  also  implied  as  one  factors  in  the  development  of  acoustic  neuroma.  Ten  studies  [lb- 
25]  investigating  the  association  between  mobile  phone  use  and  acoustic  neuroma  have  been  published  so  far. 
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Half  of  theses  studies  found  indications  of  an  association  [21-25],  the  other  5  were  those  with  shorter  duration  of 
mobile  phone  use  and/or  smaller  number  of  long-term  users  of  a  mobile  [16-20]. 

Tinnitus  strongly  interferes  with  the  daily  lives  of  people.  In  industrialized  countries,  10-15%  of  the  adult 
population  currently  experience  tinnitus.  There  are  very  few  interventions  available  that  effectively  reduce 
tinnitus  loudness  and  annoyance.  Therefore,  all  measures  should  be  taken  to  avoid  further  increase  of  tinnitus 
prevalence. 

Results  indicate  that  high  intensity  and  long  duration  of  mobile  phone  use  might  be  associated  with  occurrence 
of  tinnitus.  As  more  persons  start  using  mobile  phones  at  younger  age,  this  indeed  may  become  a  public  health 
problem. 
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Abstract 

High-frequency  electromagnetic  fields  (HFEMF)  used  for  mobile  phones  may  be  of  great  concern  for  human 
health.  In  order  to  investigate  the  properties  of  HFEMF,  we  have  examined  the  genotoxic  effects  of  2.45  GHz 
EMF  on  micronucleus  (MN)  formation,  DNA  strand  breaks,  and  chromosomal  aberrations  in  cultured  cells. 
Chinese  hamster  ovary  (CHO)-Kl,  human  glioma  M054,  and  mouse  m5S  cells,  respectively,  were  used  in  these 
experiments  for  MN  formation,  DNA  strand  breaks,  and  chromosomal  aberration.  The  DNA  strand  breaks  were 
detected  using  an  alkaline  comet  assay.  Cells  were  exposed  to  HFEMF  for  2  h  at  average  specific  absorption 
rates  (SARs)  from  5  to  200  W/kg,  and  the  effects  on  these  cells  were  compared  with  those  in  sham-exposed  cells. 
Heat  treatment  as  a  heat  control  was  performed  at  temperatures  of  37  to  44°C.  MN  frequency  at  SAR  of  lower 
than  50  W/kg  did  not  differ  from  the  sham-exposed  controls,  while  MN  frequency  at  SARs  of  100  and  200  W/kg 
was  significantly  higher.  No  significant  differences  in  the  DNA  strand  breaks  and  the  chromosomal  aberrations 
were  observed  following  exposure  to  HFEMF  from  5  to  200  W/kg,  compared  with  sham-exposed  control.  In 
summary,  HFEMF  exposure  at  2.45  GHz  for  2  h  up  to  SAR  of  50  W/kg  does  not  induce  MN  formation,  DNA 
strand  breaks  and  chromosomal  aberrations. 


Introduction 

In  recent  years  there  has  been  a  rapid  increase  in  the  use  of  devices  and  systems  employing  high-frequency 
electromagnetic  fields  (HFEMF)  in  our  lives,  including  radio  and  TV  transmitters,  microwave  ovens, 
telecommunication  links,  and  satellite  communications,  as  well  as  mobile  phones  and  their  supporting 
transmitters  (base  stations).  Thus  exposure  to  HFEMF  in  the  environment  is  greater  than  any  of  the  former  ages 
of  human.  A  consequent  result  of  this  has  been  increased  concern  about  the  association  between  environmental 
exposure  to  HFEMF  and  cancer.  Although  several  theoretical  models  have  been  proposed  [1-3],  the  association 
between  HFEMF  and  cancer  remains  unclear. 

General  concerns  regarding  the  potential  hazards  of  exposure  to  HFEMF  have  led  to  many  epidemiological 
investigations  [4-6].  Several  studies  have  suggested  that  exposure  to  HFEMF  can  interact  with  behavior  [7,  8].  In 
vitro  studies  have  reported  the  effects  of  HFEMF  on  several  end-points,  including  effects  on  DNA  damage  [9], 
chromosome  aberrations  [10],  mutation  [11],  cell  transformation  [12]  and  gene  expression  [13].  In  these  studies, 
cells  were  typically  subjected  to  exposures  as  low  as  specific  absorption  rates  (SARs)  of  10  W/kg  to  estimate  the 
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risk  of  weak  HFEMF  that  we  are  actually  exposed  to  daily,  since  this  is  the  final  goal  of  these  studies.  Flowever, 
exposures  to  a  higher  intensity  are  also  necessary  to  explore  the  effects  of  F1FEMF  for  safety  evaluation.  We 
have  previously  reported  that  exposure  to  2.45  GHz  electromagnetic  fields  for  2-16  h  induced  Hsp70  in  human 
glioma  M054  cells  [14],  and  exposure  to  HFEMF  at  100  W/kg  did  not  cause  any  DNA  damage  according  to  the 
comet  assay  system  [15].  HFEMF  at  high  SAR  mainly  results  in  heating  of  the  cells.  Heat  is  known  to  cause 
many  biological  changes  and  the  heating  effect  of  HFEMF  is  well  established  [16].  However,  there  have  been 
claims  that  HFEMF  could  exert  non-thermal  effects  on  biological  systems.  Hence,  with  exposure  conditions  used 
in  these  experiments  it  becomes  very  important  to  establish  the  differences  between  thermal  and  non-thermal 
effects. 

Considering  these  previous  data,  we  have  examined  the  frequency  of  micronucleus  (MN)  formation  in 
Chinese  hamster  ovary  (CHO)-Kl  cells  following  HFEMF  exposure.  MN  formation  is  derived  from  clastogenic 
activity  arising  from  chromosomal  fragments  that  are  not  incorporated  into  daughter  nuclei  at  mitosis.  This 
occurs  because  of  the  lack  of  a  kinetochore.  MN  formation  is  also  derived  from  an  aneugenic  process  when  the 
whole  chromosome  is  not  correctly  integrated  into  the  two  daughter  nuclei  at  the  time  of  cell  division  [17-20].  In 
the  present  study,  we  also  examined  the  presence  or  absence  of  single-strand  DNA  breaks  and  chromosomal 
aberrations  in  mammalian  cells  exposed  to  2.45  GHz  HFEMFs  with  a  wide  range  of  SAR  (5  W/kg  to  200  W/kg) 
in  human  glioma  M054  and  mouse  m5S  cells,  respectively. 

Materials  and  methods 

1.  Exposure  system 

The  exposure  system  of  HFEMF  was  described  elsewhere  [21-23].  In  brief,  the  applicator  is  based  on  a 
rectangular  waveguide,  with  its  size  determined  to  be  110  mm  (wide)  x  55  mm  (high)  x  310  mm  (deep).  The 
electromagnetic  waves  are  propagated  along  the  waveguide  in  TEi0  mode.  One  end  of  the  applicator  is 
terminated  with  a  short-circuiting  plate  to  generate  standing  waves  in  the  waveguide. 

A  rectangular  culture  dish  is  placed  on  two  slits,  which  were  bored  into  the  wider  wall  of  the  waveguide. 
The  cells  in  the  dish  are  exposed  to  the  HFEMF  through  these  slits.  The  two  slits  are  pinch  shaped,  which 
enhances  the  coupling  of  the  electromagnetic  field  to  increase  the  effective  exposure  area.  The  culture  dish  is 
divided  into  four  compartments.  The  distribution  of  the  electric  field  in  the  medium  depends  on  the  thickness  of 
the  medium.  Therefore,  it  is  preferable  to  choose  a  thickness  that  maximizes  the  SAR  at  the  bottom  of  the  well, 
where  the  cells  are  present.  Numerical  analysis  indicates  that  the  appropriate  thickness  is  8  mm,  which 
corresponds  to  a  half  wavelength  in  the  medium. 

The  SAR  distribution  in  the  exposure  apparatus  was  calculated  using  the  Finite  Difference  Time  Domain 
(FDTD)  method.  An  each  compartment  has  a  different  value  of  SAR.  The  maximum  SAR  appears  in 
compartment  3.  The  maximum  SAR  values  in  compartment  2  and  4  are  80%  and  85%  of  the  maximum  SAR 
value  in  compartment  3.  The  minimum  SAR  in  compartment  1  is  1%  of  the  maximum  value. 

2.  Cells  and  culture  conditions 

CHO-K1  cells  were  obtained  from  the  Japanese  Cancer  Research  Bank,  Tokyo.  Cells  were  maintained  in 
Ham’s  F-12  medium  (Nikken  Bio  Medical  Laboratory,  Kyoto,  Japan)  supplemented  with  10%  fetal  bovine 
serum  (Gibco,  BRL)  at  37°C  in  95%  air  and  5%  C02  [21], 

M054  cells,  derived  from  a  human  malignant  glioma,  were  used  in  this  study.  Cells  were  cultured  in  Dulbecco's 
modified  Eagle's  medium  (Nikkenn  Bio  Medical  Laboratory)  supplemented  with  10%  fetal  bovine  serum 
(GIBCO,  BRL)  at  37°C  in  an  atmosphere  of  95%  air  and  5%  C02  [22]. 

Mouse  m5S  cells  are  a  near-diploid  cell  line  established  from  embryonic  skin;  they  are  immortalized  but 
non-tumorigenic  [24].  The  cells  were  grown  as  monolayers  in  Dulbecco's  modified  Eagle's  medium 
supplemented  with  10%  fetal  bovine  serum  (BioWest,  Rue  de  la  Caille  49340  Nuaill,  br,  France)  at  37°C  in  an 
atmosphere  of  95%  air  and  5%  C02  [23]. 

3.  MN  analysis 

After  a  2  h  exposure  to  HEFMF,  the  cells  were  trypsinized  and  seeded  in  10  cm  culture  dishes  in  medium 
containing  cytochalasin  B  at  a  final  concentration  of  3  pg/ml  for  18  h,  in  order  to  prevent  cell  division.  A 
sham-exposure  experiment  was  performed  as  a  negative  control.  Cells  were  treated  in  the  same  way  to  those  that 
underwent  HFEMF  exposure,  except  that  HFEMF  exposure  itself  was  omitted.  Instead,  the  cells  were  incubated 
for  2  h  in  a  conventional  incubator.  In  addition,  the  cells  were  treated  with  bleomycin  alone  as  a  positive  control, 
using  the  same  conditions  as  those  used  for  sham  exposure. 

The  cells  were  collected  at  a  concentration  of  2.7  x  104  cells/ml,  and  samples  of  0.2  ml  were  centrifuged 
onto  slides,  using  a  Cytospin  centrifuge  (Shandon  Southern  Ltd.)  at  100  x  g  for  5  min.  The  cells  were  then  fixed 
with  80%  cold  ethanol  for  30  min.  The  slides  were  washed  gently  with  PBS  and  soaked  in  new  PBS  for  5  min  to 
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completely  remove  the  ethanol. 

The  cells  on  the  slides  were  stained  with  20  pi  of  propidium  iodide  (PI)  diluted  in  glycerol  (to  a 
concentration  of  0.2  pg/ml),  and  kept  in  the  dark  until  counting  was  performed.  A  total  of  1000  binucleated  cells 
were  scored  for  evaluation  of  the  frequency  of  induction  of  MN,  using  fluorescence  microscopy  (Olympus). 
Cells  were  counted  as  having  MN  formation  when  they  contained  at  least  one  micronucleus.  The  procedure  was 
performed  in  a  double -blind  manner,  and  followed  the  method  described  by  Countryman  and  Heddle  [20]. 
Statistical  analysis  of  the  data  in  the  control  and  experimental  groups  was  conducted  using  ANOVA  (analysis  of 
variance)  followed  by  Fisher’s  Protected  Least  Significant  Difference  (PLSD)  test. 

4.  Comet  assay 

To  detect  DNA  damage  at  the  single-cell  level,  an  alkaline  comet  assay  was  performed.  The  method  of  the 
comet  assay  has  been  described  previously  [25].  In  brief,  we  used  a  Trevigen  Comet  Assay  system  (Trevigen, 
Inc.,  Gaithersburg,  MD).  After  the  treatments,  the  cells  were  rinsed  with  phosphate-buffered  saline  (Ca+t  and 
Mg  1  free;  PBS)  and  treated  with  trypsin.  Cell  suspension  in  lxPBS  on  ice  was  mixed  with  low  melting  agarose 
at  37  °C  (cell  suspension  :  agarose  =  1:8).  The  mixture  of  cell  suspension  and  agarose  was  kept  on  a  slide  in  the 
dark  at  4  °C,  underwent  5  minutes  of  fixation,  and  was  then  immersed  in  a  lysis  solution  at  4°C  for  40  min.  The 
slide  was  placed  in  the  alkali  buffer  for  15  minutes.  Electrophoresis  was  performed  as  reported  previously  [26]. 
After  the  electrophoresis,  the  samples  were  fixed  in  ethanol  for  5min  and  then  dried.  DNA  in  agarose  was  stained 
with  SYBR  Green  according  to  the  manufacturer's  recommended  procedure. 

DNA  Strand  breaks  were  analyzed  by  using  IDL  Comet  6.0  (Adamnet,  Tokyo,  Japan).  Tail  length  is  the 
destance  from  the  first  non-zero  element  to  the  last  non-zero  elements  in  tail  content.  Tail  content  was  calculated 
as  the  integrated  value  of  the  fluorescent  brightness  of  the  total  comet  minus  the  integrated  value  of  the 
fluorescant  brightness  of  the  comet  head.  The  unit  of  the  parameter  is  given  as  “pixels”.  The  tail  length  is  the 
distance  between  the  first  and  last  non-zero  elements  in  the  tail  content.  The  tail  moment  was  calculated 
according  to  the  following  equation: 

Tail  moment  =  Differential  between  means  x%  in  tail. 

For  a  statistical  evaluation  of  the  tail  moment,  tail  length,  and  tail  percent.  An  analysis  of  variance 
(ANOVA)  test  was  used  to  determine  any  inte -group  differences.  When  a  significant  F  value  was  found  (p<0.05), 
the  Bonferroni/Dunn  test  was  used  for  a  multiple  comparison.  P- value  that  were  less  than  0.05  were  considered 
statistically  significant. 

5.  Chromosomal  aberrations 

After  exposure,  the  cells  were  removed  and  cultured  in  a  conventional  incubator  for  24  h.  Colcemid 
(O.lpg/mL,  Sigma)  was  added  during  the  last  4  h.  Unexposed  control  cells  were  incubated  for  the  same  period  in 
a  conventional  incubator.  Chromosome  preparations  were  made  according  to  the  standard  air-drying  method  and 
stained  with  3%  Giemsa  solution  (pH  6.4).  For  each  culture,  a  minimum  of  200  cells  was  assesed  for  the  types 
and  frequencies  of  chromosomal  aberrations;  all  structural  chromatid-type  and  chromosome-type  changes, 
including  gaps,  were  recorded.  The  scoring  was  conducted  in  a  double-blind  manner. 

The  experimental  data  are  presented  as  the  mean  ±  S.E.M.  Chi  square  tests  were  performed  to  determine 
whether  there  was  a  significant  difference  in  the  proportion  of  cells  with  aberrations  between  the  cells  exposed  to 
HFEMF  and  unexposed  cells.  The  statistics  were  calculated  either  including  or  excluding  gaps. 

Results 

1.  MN  formation 

There  was  no  increase  in  MN  formation  in  cells  exposed  to  HFEMF  at  SAR  from  5  to  50  W/kg.  However, 
the  frequency  of  MN  formation  in  cells  exposed  to  HFEMF  at  SAR  of  100  and  200  W/kg  was  statistically 
significantly  different  to  that  observed  following  sham-exposure  (Fig.  1).  The  frequency  of  MN  formation 
following  treatment  with  bleomycin  alone  was  statistically  higher,  compared  with  the  sham-exposed  control  (Fig. 
1).  Although  there  was  no  increase  in  MN  formation  in  cells  treated  with  a  combination  of  bleomycin  and 
HFEMF  exposure  at  SAR  from  5  to  100  W/kg,  there  was  a  statistically  significant  difference  in  MN  formation 
between  treatment  with  bleomycin  alone  and  combined  treatment  with  bleomycin  and  HFEMF  exposure  at  a 
SAR  of  200  W/kg. 

The  frequency  of  MN  formation  with  heat  treatment  increased  in  a  temperature-dependent  manner.  However, 
there  was  no  difference  between  bleomycin-treated  cells  and  cells  treated  with  a  combination  of  heat  and 
bleomycin  for  temperatures  from  38  to  41°C  (data  not  shown). 


661 


JUNJI  MIYAKOSHI 


o 


0  50  100  200 

SAR  (W/kg) 


Figure  1.  The  frequency  of  MN  formation  in  CHO-K1  cells  exposed  to  HFEMF  with  or 
without  bleomycin,  compared  to  that  following  sham-exposure.  The  bars  show 
standard  deviations,  based  on  three  experiments.  An  asterisk  indicates  a 
statistically  significant  difference  between  sham-  exposure  and  HFEMF 
exposure  (/;<(). 0  1 ).  A  sharp  indicates  a  statistically  significant  difference 
between  treatment  with  bleomycin  alone  and  combined  treatment  with  HFEMF 
exposure  and  bleomycin  (/;<().()  I ). 


2.  DNA  strand  breaks 

No  significant  difference  in  tail  moment  was  seen  for  each  exposure  condition  at  SAR  levels  from  5  W/kg  to 
200  W/kg  (Table  1). 


Table  1  Comparison  of  Comet  Parameters  in  M054  Cells  Exposed  to 

2.45GHz  Continuous- Wave  HFEMF,  Sham  and  1  OOug/mL  bleomycin 


Exposure 

Condition 

Sham 

5  W/kg 

10  W/kg 

20  W/kg 

50  W/kg 

100  W/kg 

200  W/kg 

Bleomycin 

TailMament  406.6+  113.2 

365.1  ±13.9 

425.1  ±30.5 

353.2  ±44.0 

372.3  ±83.7 

335.6  ±53.9 

432.6  ±70.4 

2071. 9  ±419.8* 

Tail  Length 

54.7  ±  23.6 

76.0  ±  8.5 

80.3  ±  13.8 

68.6  ±25.4 

61.2  ±18.5 

48.5  ±3.9 

53.9  ±3.6 

118.9  ±41.1* 

Tail  Percent 

24.5  ±5.1 

24.6  ±  1.1 

25.2  ±  5.2 

24.8  ±0.8 

24.3  ±2.6 

22.7  ±3.2 

25.0  ±3.2 

40.1  ±9.7* 

Data  are  presented  as  the  mean  ±  standard  deviation,  based  on  three  experiment. 

The  units  of  each  parameter  are  Tail  moment  =  arbitrary  unit,  Tail  length  -  pixel,  and  Tail  percent  -  %. 
*  Significantly  different  (at  p<0.01)  from  Sham,  HFEMF  exposure  and  heat  treatment  groups. 
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No  significant  differences  were  observed  in  tail  moment  for  each  of  the  treatment  conditions  with  sham  and 
heating  at  39  -  44°C.  No  cell  killing  was  observed  after  the  HFEMF  exposure  at  the  SARs  of  5,  10,  20,  50  and 
100  W/kg,  while  cell  viability  was  slightly  decreased  at  200  W/kg  (83.4  ±  4.9%  (data  not  shown),  No 
significant  difference  vs  Control).  No  cell  killing  was  also  observed  immediately  after  heat  treatment  at  39  and 
41°C  and  the  treatment  with  bleomycin.  The  cell  viability  at  44°C  was  decreased  (77.1  ±  2.5%,  p<0.01, 
Significantly  different  vs  Control). 

3.  Chromosomal  aberrations 

A  summary  of  chromosomal  aberration  data  is  showed  in  Table  2. 


Table  2  Chromosomal  aberration  in  m5S  cells  after  treatment  with  HFEMF,  MMC,  or  X-rays 


Treatment 

No  of  cells 

Chromatid-type 

Chromosome  type 

Aberrations/100  cells 

%  Aberrant  Cells 

analysed 

ctg  csg 

ctb  cte 

Frag 

Mm 

Die  King 

Total 

Excl 

Total 

Excl 

Sham 

200 

3 

0 

0 

0 

1 

1 

0 

0 

2  5 

1 

2  5 

1 

5  W/kg 

200 

2 

0 

2 

0 

0 

0 

0 

0 

2 

1 

2 

1 

1 0  W/kg 

200 

0 

0 

0 

0 

0 

0 

1 

0 

0.5 

05 

0.5 

05 

20  W/kg 

200 

1 

0 

0 

0 

0 

0 

0 

0 

0.5 

0 

0.5 

0 

50  W/kg 

200 

1 

1 

0 

2 

0 

0 

0 

0 

2 

0.5 

2 

1 

]  00  W/kg 

200 

1 

0 

1 

1 

0 

2 

0 

0 

2  5 

1 

2  5 

2 

MMC 

(0. 1  U-  g/mL) 

200 

4 

0 

11 

78 

2 

3 

1 

1 

50 

43.5 

44.5 

43  5 

X-rays  (3  Gy) 

200 

4 

1 

5 

14 

4 

18 

4 

0 

25 

IS 

21.5 

19 

ctb=  chromatid  breaks,  csg=  isochromatid  gaps,  cte=  chromatid  exchanges. 
Isochromatid  breaks  (csb)  were  included  in  acentric  fragments  (Frag). 
Vfin ~minute  chromosomes.  Die  dicentrics.  ExcUexcluding  gaps. 


The  rate  of  incidence  of  chromosomal  aberrations  was  less  than  0.02.  No  differences  were  observed  between 
control  and  HFEMF  exposure.  The  frequency  of  chromosomal  aberration  appearance  is  less  than  2.5%  between 
5  W/kg  to  100  W/kg  HFEMF  exposures.  In  contrast.  X-rays  and  MMC  treatment  resulted  in  chromosomal 
aberrations  in  45%  and  20%  of  the  cells,  respectively.  Results  obtained  by  chromatid  and  chromosome 
aberration  analysis  did  not  exhibit  any  statistically  significant  differences  between  sham  control  and  HFEMF 
exposure  conditions  from  5  W/kg  to  100  W/kg.  As  expected,  MMC  and  X-ray  treatment  significantly  increased 
(p  <  0.001)  the  frequency  of  chromosomal  aberration,  chromatid  aberration  and  total  chromosomal  aberration 
compared  with  sham  controls. 


Conclusions 

In  conclusion,  HFEMF  exposure  at  2.45  GHz  for  2  h  up  to  SAR  of  50  W/kg  does  not  induce  MN  formation. 
We  did  not  detect  the  increase  in  DNA  strand  breaks  and  chromosomal  aberrations,  even  at  100  W/kg.  For  the 
MN  formation,  there  were  statistically  significant  increases  at  SARs  of  100  and  200  W/kg,  compared  with  the 
sham-exposed  control.  However,  we  also  observed  that  the  temperature  elevation  induced  the  increased  MN 
formation.  Although  more  research  is  required,  the  present  study  has  shown  that  MN  formation  at  SAR  from 
5-200  W/kg  is  connected  to  temperature  raise  caused  by  HFEMF. 

In  addition,  we  have  reported  the  effect  of  HFEMF  on  cell  growth  rate,  cell  cycle  distribution. 
Transformation,  and  heat-shock  protein  (hsp)  expression.  Cell  growth  rate  and  cell  cycle  distribution  were  not 
affected  by  exposure  to  HFEMF  at  SAR  of  lower  than  100  W/kg  for  2  h  [27],  No  significant  differences  were 
observed  in  the  malignant  transformation  (Type  II  +  Type  III)  frequency  between  the  sham-control  and  the 
HFEMF  at  SARs  of  5  to  200  W/kg  for  2  h  [28].  The  expression  of  hsp70  increased  in  a  time  and  dose-dependent 
manner  at  SAR  of  over  50  W/kg  for  1-3  h  [29].  However,  a  similar  effect  was  also  observed  in  corresponding 
heat  controls. 

From  these  results,  we  considered  that  HFEMF  exposure  at  2.45  GHz  for  2  h  did  not  affect  cell  growth, 
cellular  genotoxicity,  cell  transformation,  and  hsp70  expression,  even  at  exposure  level  of  5  to  50  W/kg. 
Therefore,  we  can  conclude  that  our  investigations  have  indicate  the  absence  of  any  relationship  between 
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exposure  to  the  HFEMF  at  an  environmental  level  and  adverse  health  effect.  Flowever,  experiments  should  still 
be  performed  to  evaluate  the  safety  of  the  F1FEMF  exposures. 

Acknowledgments 

We  thank  Drs.  M.  Taki  and  Y.  Suzuki  (Tokyo  Metropolitan  University,  Japan)  for  the  supply  of  HFEMF 
exposure  system.  This  work  was  supported  in  part  by  the  committee  to  Promote  Research  on  the  Possible 
Biological  Effects  of  Electromagnetic  Fields,  Ministry  of  Public  Management,  Ministiy  of  Internal  Affairs  and 
Communications,  Japan. 


References 

1.  R  Glaser  (1992)  Current  concepts  of  the  interaction  of  weak  electromagnetiv  fields  with  cells. 
Bioelectrochemistry  and  Bioenergetics,  27:  255-268. 

2.  PS  Liburdy  (1992)  Calcium  signaling  in  lymphocytes  and  ELF  fields:  evidence  for  an  electric  field  metric 
and  a  site  of  interaction  involving  calcium  ion  channels.  FEBS  Lett.,  301:  53-59. 

3.  PS  Barnes  (1996)  Effect  of  electromagnetic  field  on  the  rate  of  chemical  reactions.  Biophysics.,  41: 
801-807. 

4.  L  Hardell,  A  Nasman,  A  Pahlson,  A  Hallquist  and  K  Hansson  Mild  (1999)  Use  of  cellular  telephones  and  the 
risk  for  brain  tumours:  a  case-control  study.  Int  J  Oncol.,  15:  113-116. 

5.  A  Ahlbom,  A  Green,  L  Kheifets,  D  Savitz  and  A  Swerdlow  (2004)  International  Committee  for  Non-Ionizing 
Radiation  Protection  (ICNIRP)  Standing  Committee  on  Epidemiology.  Epidemiology  of  health  effects  of 
raiofrequency  exposure.  Environ  Health  Perspect,  112:  1741-1754  . 

6.  A  Lahkola  K  Tokola  and  A  Auvinen  (2006)  Meta-analysis  of  mobile  phone  use  and  intracranial  tumors. 
Scand  J  Woork  Environ  Health,  32:  171-177. 

7.  JA  D’Andrea,  ER  Adair  and  JO  de  Lorge  (2003)  Behavioral  and  cognitive  effects  of  microwave  exposure. 
Bioelectromagnetics,  6:  S39-S62. 

8.  LN  Heynick,  SA  Johnston  and  PA  Mason  (2003)  Radio  frequency  electromagnetic  fields.  Cancer, 
mutagenesis,  and  genotoxicity.  Bioelectromagnetics,  6:  S74-S100. 

9.  H  Lai  and  NP  Singh  (1995)  Acute  low-intensity  microwave  exposure  increases  DNA  single-strand  breaks  in 
rat  brain  cells.  Bioelectromagneitcs,  16:  207-210. 

10.  Vijayalaxmi,  KS  Bisht,  WF  Pickard,  ML  Meltz,  JL  Roti  Roti  and  EG  Moros  (2001)  Links  chromosome 
damage  and  micronucleus  formation  in  human  blood  lymphocytes  exposed  in  vitro  to  radiofrequency 
radiation  at  a  cellular  telephone  frequency  (847.74  MHz,  CDMA).  Radiat  Res.,  156:  430-432. 

11.  P  Gos,  B  Eicher,  J  Kohli  and  WE  Heyer  (2000)  No  mutagenic  or  recombinogenic  effects  of  mobile  phone 
fields  at  900  MHz  detected  in  the  yeast  Saccharomyces  cerevisiae.  Bioelectromagnetics,  21:  515-523. 

12.  JL  Riti  Roti,  RS  Malyapa,  KS  Bisht,  EW  Ahern,  EG  Moros,  WF  Pickard  and  WL  Straube  (2001)  Neoplastic 
transformation  in  C3H  10T(l/2)  cells  after  exposure  to  835.62  MHz  FDMA  and  847.74  MHz  CDMA 
radiations.  Radiat  Res.,  155:  239-247. 

13.  D  Leszczynski,  S  Joenvaara,  Reivinen  and  R  Kuokka  (2002)  Non-thermal  activation  of  the 
hsp27/p38MAPK  stress  pathway  by  mobile  phone  radiation  in  human  endothelial  cells:  molecular 
mechanisim  for  cancer-  and  blood-brain  barrier-related  effects.  Dfferentiation,  70:  120-129. 

14.  F  Tian,  T  Nakahara,  K  Wake,  M  Taki  and  J  Miyakoshi  (2002)  Exposure  to  2.45  GHz  electromagnetic  fields 
induces  hsp70  at  a  high  SAR  of  more  than  20  W/kg  but  not  at  5W/kg  in  human  glioma  M054  cells.  Int  J 
Radiat  Biol.,  78:  433-40. 

15.  J  Miyakoshi,  M  Yoshida,  Y  Tamsawa,  T  Nojima,  K  Wake  and  M  Taki  (2002)  Effects  of  High-Frequency 
Electromagnetic  fields  on  DNA  strand  breaks  using  comet  assay  method.  Elecrical  Engineering  in  Japan, 
141:  9-15. 

16.  GM  Van  Leeuwen,  AN  Kotte,  BW  Raaymakers  and  JJ  Lagendijk  (2000)  Temperature  simulations  in  tissue 
with  a  realistic  computer  generated  vessel  network.  Phys.  Med.  Biol.,  45:  1035-1049. 

17.  R  Gudi,  SS  Sandhu,  and  RS  Athwal,  (1990)  Kinetochore  identification  in  micronuclei  in  mouse 
bone-marrow  erythrocytes:  an  assay  for  the  detection  of  aneuplodity-inducing  agents.  Mutat.  Res.,  234: 
263-268. 

18.  GM  Krishna,  R  Fiedler  and  JC  Theiss  (1992)  Simultaneous  evaluation  of  clastogenicity,  aneugenicity  and 
toxicity  in  the  mouse  micronucleus  assay  using  immunofluorescence.  Mutat.  Res.,  282:  159-167. 

19.  M  Fenech  and  AA  Morley  (1989)  Kinetochore  detection  in  micronuclei:  an  alternative  method  for 
measuring  chromosome  loss.  Mutagenesis,  4:  98-104. 

20.  PI  Coutryman  and  JA  Heddle  (1976)  The  production  of  micronuclei  from  chromosome  aberrations  in 
irradiated  cultures  of  human  lymphocytes.  Mutat.  Res.,  41:  321-332. 


664 


RF  RADIATION  AND  CELLULAR  GENOTOXICITY 


21.  S  Koyama,  Y  Isozumi,  Y  Suzuki,  M  Taki  and  J  Miyakoshi  (2004)  Effects  of  2.45  GHz  electromagnetic  fields 
with  a  wide  range  of  SARs  on  micronucleus  formation  in  CHO-K1  cells,  Scientific  World  Journal,  4:  29-40. 

22.  Y  Komatsubara,  H  Hirose,  T  Sakurai,  S  Koyama,  Y  Suzuki,  M  Taki  and  J  Miyakoshi  (2005)  Effect  of 
2.45GHz  electromagnetic  fields  with  a  wide  range  of  SARs  on  DNA  damage  in  M054  cells.  European 
Biology  and  Bioelectromagnetics,  1:  148-170 

23.  Y  Komatsubara,  H  Hirose,  T  Sakurai,  S  Koyama,  Y  Suzuki,  M  Taki  and  J  Miyakoshi  (2005)  Effect  of 
high-frequency  electromagnetic  fields  with  a  wide  range  of  SARs  on  chromosomal  aberrations  in  murine 
m5S  cells.  Mutat.  Res.,  587:  114-119 

24.  MS  Sasaki  and  S  Kodama  (1987)  Establishment  and  some  mutational  characteristics  of  3T3-like 
near-diplold  mouse  cell  line,  J.  Cell  Phys.,  131:  114-122. 

25.  J  Miyakoshi,  M  Yoshida,  K  Shibuya  and  M  Hiraoka  (2000)  Exposure  to  strong  magnetic  fields  at  power 
frequency  potentiates  X-ray-induced  DNA  strand  breaks.  J.  Radiat.  Res.,  41 :  293-302. 

26.  PL  Olive,  D  Wlodek,  RE  Durand  and  JP  Banath  (1992)  Factors  influencing  DNA  migration  from  individual 
cells  subjected  to  gel  electrophoresis.  Exp  veil  Res.,  198:  259-267. 

27.  Y  Takashima,  H  Hirose,  S  Koyama,  Y  Suzuki,  M  Taki  and  J  Miyakoshi  (2006)  Effects  of  continuous  and 
intermittent  exposure  to  RF-fields  with  a  wide  range  of  SARs  on  cell  growth,  survival  and  cell  cycle 
distribution.  Bioelectromagnetics,  27:  392-400. 

28.  J  Wang,  T  Sakurai,  S  Koyama,  Y  Komatubara,  Y  Suzuki,  M  Taki  and  J  Miyakoshi  (2005)  Effects  of  2450 
MHz  Electromagnetic  fields  with  a  Wide  Range  of  SARs  on  Methylcholanthrene-induced  Transformation  in 
C3H10T1/2  Cells.  J.  Radiat.  Res.,  46:  351-361 

29.  J  Wang,  S  Koyama,  Y  Komatubara,  Y  Suzuki,  M  Taki  and  J  Miyakoshi  (2006)  Effect  of  a  2450  MHz 
high-frequency  electromagnetic  field  with  a  wide  range  of  SARs  on  the  induction  of  heat-shock  proteins  in 
A172  cells.  Bioelectromagnetics,  (in  press). 


665 


ELECTROMAGNETIC  RADIATION  EFFECTS  ON 
ELECTRONIC  PARTICLES  TRANSFER  IN  DNA  - 
APPLICATIONS  TO  MILLIMETER  AND  OPTICAL  RANGES 


Gerard  DUBOST 

Institut  d’Electronique  et  de  Telecommunications  de  Rennes 
UMR  CNRS  6164,  Universite  de  Rennes  1, 

Avenue  du  General  Leclerc,  Campus  de  Beaulieu,  35042  -  Rennes  Cedex  -  France 


Andre  BELLOSSI 

Villa  Gabrielle,  Chemin  du  Goh  Vras,  56730  -  Saint  Gildas  de  Rhuys  -  France 


ABSTRACT 

We  justify  the  validity  of  the  biexponential  Debye  relaxation  model  of  the  pure  water  extrapolated  until  the 
optical  range  by  means  of  experiments  results  obtained  on  the  human  skin.  The  pure  water  attenuation  per 
wavelength  is  maximum  in  the  millimeter- wave  range.  We  confirm  the  measurements  which  have  shown 
appreciable  AC  conductivity  of  DNA  due  to  relaxation  losses  of  their  surrounding  water  dipoles.  We  extend  this 
property  to  the  UV  range  showing  the  action  of  photons  upon  free  electrons.  Excited  ions,  by  means  of  our 
external  plasma  device  generator  of  solitary -waves  is  the  object  of  photon  emissions  in  the  optical  range.  In 
particular  in  UV  range  the  free  electron  alone  is  liable  to  be  propeled  by  a  photon  with  a  kinetic  energy  with  a 
some  idea  of  the  size  to  10"23  Joules.  In  a  large  range  until  millimeter  waves,  the  excited  ions  can  attract 
electrons  showing  a  kinetic  energy  of  10'21  Joules.  They  can  be  used  to  activate  control  and  explain  the  division 
of  fibroblasts  and  the  cancer  mechanisms  of  human  skin,  the  main  modification  of  DNA  molecules  by  UV 
radiation  being  the  formation  of  pyrimidine  dimers.  Finally  we  can  conclude  that  the  molecule  of  DNA  has  a 
conducting  which  is  always  increasing  with  the  frequency,  but  can  be  considered  as  a  real  conductor  only  in  the 
millimeter-wave  range  with  an  important  absorption  per  wavelength.  The  “conduction  quality”  is  the  ratio  of  the 
conduction  to  the  displacement  currents. 


INTRODUCTION 

PRELIMINARY  CLARIFICATION 

The  electronic  conduction  in  DNA  is  a  polemic  subject  always  going  on  nowadays.  Is  DNA  conductive  or  not  ? 
DNA  has  been  reported  to  be  a  metal,  a  semiconductor,  an  insulator  and  even  a  proximity  effect  induced 
superconductor.  Above  all  it  was  advisable  to  go  back  to  some  reminders.  In  a  recent  paper  [1]  it  as  been  shown 
that  appreciable  AC  conductivity  of  DNA,  measured  in  the  millimeter  wave  range,  is  largely  ascribed  to 
relaxational  losses  of  the  surrounding  water  dipoles.  So  it  was  necessary  from  the  theoretical  complex  dielectric 
constant  sr  =  sr-ja/tt>£0  of  bulk  pure  water,  described  by  a  biexponential  Debye  relaxation  model  [2],  to 
calculate  its  conductivity  g  ,  and  the  coefficient  of  absorption  A  given  by  the  classical  expression  : 
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A  (Neper/>^0)  =  2n 


5 


(1) 


5  is  the  thickness  penetration  and  X0  the  free  space  wavelength. 

We  introduced  the  “conduction  quality”  Cp  which  is  the  ratio  of  the  conduction  to  the  displacement 
currents  equal  to  :  Cp  =  a/2 xcf  s0  sr  (2) 

The  Table  I  shows  the  various  parameters  in  terms  of  the  frequency  for  the  pure  water  at  20  °C.  We  can 
conclude  : 

a)  The  conductivity  o  is  increasing  with  the  frequency. 

b)  The  absorption  coefficient  A(N/A,0)  has  a  maximum  in  the  millimeter  range  (N  means  Nepers  :  IN  = 
8.69  dB). 

c)  The  absorption  per  unit  of  length  (dB/mm)  is  increasing  with  the  frequency. 

d)  In  the  millimeter  wave  range  the  water  can  be  considered  as  a  “conductive  medium”  ( Cp  >1),  and  as  an 
insulator  medium  (Cp<l)  when  f  <  2. 1 0 10  Hz  or  f  >  2.1011  Hz.  Nevertheless  its  conductivity  a  is 
always  increasing  with  the  frequency. 

e)  We  can  justify  the  values  of  the  conductivity  and  the  absorption  in  the  UV  range  deduced  from  the 
experiments  realized  on  the  epidermis.  The  epidermis  is  composed,  from  the  skin  surface  to  the  depth, 
by  the  stratum  corneum,  the  stratum  granulosum,  the  stratum  spinosum  and  the  stratum  basale.  Due  to 
the  water  content  of  the  cells  we  can  put  together  the  three  later  layers  ;  we  call  them  mucus  body. 

The  Table  II  shows  the  values  extracted  from  measurements  upon  the  human  skin  which  must  be  compared 
with  these  given  in  Table  I. 

The  range  UV  is  separated  into  two  ranges  :  UVA  and  UVB.  For  each  of  them,  and  from  the  measured 
transmission  coefficient  [18],  we  deduced  the  conductivity  o  and  the  absorption  related  to  the  stratum  corneum 
and  the  mucus  body.  We  note  that  the  bulk  water  theoretical  conductivity  is  comprised  between  those  of  the 
stratum  corneum  and  mucus  body. 


f(Hz) 

Xq 

(2) 

CP 

ct(S/ m) 

(1) 

§ 

vp/c 

£r 

(1) 

A(N/k0) 

A(dB/mm) 

109 

300  mm 

0.05 

0.22 

0.21  m 

0.11 

80.0 

1.4 

0.04 

5.109 

60  mm 

0.25 

5.2 

9  mm 

0.11 

75.2 

6.7 

0.97 

1010 

30  mm 

0.49 

17.3 

2.5  mm 

0.12 

63.6 

12.0 

3.5 

2.1010 

15  mm 

0.93 

41.6 

0.9  mm 

0.145 

40.2 

17.1 

9.9 

5.1010 

6  mm 

1.72 

68.7 

360  pm 

0.22 

14.4 

16.7 

24 

7.1010 

4.3  mm 

1.85 

73.3 

290  pm 

0.25 

10.2 

14.9 

30 

1011 

3.0  mm 

1.79 

76.5 

250  pm 

0.29 

7.7 

12.0 

35 

5.1011 

600  pm 

0.74 

99.7 

125  pm 

0.43 

4.9 

4.8 

70 

1012 

300  pm 

0.54 

131 

86  pm 

0.47 

4.2 

3.5 

100 

5.1012 

60  pm 

0.18 

172 

57  pm 

0.54 

3.4 

1.06 

150 

io13 

30  pm 

0.10 

176 

38  pm 

0.55 

3.3 

0.80 

230 

1014 

3  pm 

10“2 

177 

38  pm 

0.55 

3.3 

0.08 

230 

io15 

0.3  pm 

10“3 

177 

38  pm 

0.55 

3.3 

0.008 

230 

Table  I  :  Electrical  parameters  of  pure  bulk  water  at  20  °C  in  terms  of  frequency 


667 


G.  Dubost  and  A.  Bellossi 


Range 

(pm) 

A  in  (Pm) 
(mean) 

Mean 

Transmission 
T  [181 

TSC 

(dB) 

tMB 

(dB) 

A(dB/mm) 

g(S/ m) 

UVA 

4.6  % 

-9 

529 

588 

SC 

(0.315  -0.390) 

U.  j  jZ 

-  13.4  dB 

-4.4 

67 

74 

MB 

UVB 

n  9Q& 

0.9  % 

-14 

823 

914 

SC 

(0.280-0.315) 

KJ.Zyo 

-  20  dB 

-6 

92 

102 

MB 

UV 

3.5  % 

-10 

588 

653 

SC 

(0.280-0.390) 

U.  j  j  J 

-  14.6  dB 

-4.6 

70 

78 

MB 

Table  II  (valid  for  sr  =3.3  and  a/a>£0  «  er) 


SC  :  Stratum  corneum  :  thickness  :  1 7  urn 
MB  :  Mucus  body  thickness  :  65  pm 

With  :  T  =  Tg£  +  Tjy[g  and 


Transmission  :  TSC 
Transmission  :  Tjyjg 
A(dB^mm) 
0.9 


CHARGE  TRANSPORT  IN  SYNTHETIC  DNA 

The  denaturation  of  the  DNA  is  due  to  the  breaking  of  the  hydrogen  bonds,  which  keep  in  position  the  two 
strands  (fig.  1). 

In  the  course  of  the  DNA  duplication,  two  complementary  strands  give  birth  to  two  new  DNA  molecules.  The 
DNA  macromolecule  structure  was  introduced  in  1953  by  Watson  and  Crick. 

Electronic  transport  along  DNA  is  crucial  for  the  repair  mechanism  after  radiation  damage  and  biosynthesis  [3]. 
In  1989  Peyrard-Bishop  study  the  structure  by  means  of  global  energies  expressed  with  a  Lagrangian. 

The  various  parameters  used  are  : 

the  relative  displacements  of  the  nucleotidic  bases  at  different  sites  of  each  DNA  strand, 
the  equivalent  mass  m  of  a  nucleotide  pair  equal  to  300  amu  (m  =  5.1  O'25  Kg), 
the  Morse  potential  which  is  the  energy  of  a  hydrogen  bond  between  a  pair  of  nucleotides, 
the  average  of  the  energy  values  for  the  guanine-cytosine  basis  (G-C)  and  for  the  thymine-adenine 
basis  (A-T),  which  is  called  the  well  depth  or  Morse  depth.  It  corresponds  to  the  dissociation 
energy  of  a  base  pair  and  is  equal  do  D  =  0.04  eV  let  us  be  0.64  10'20  J, 
the  width  of  the  well  equal  to  :  w  =  0.224  A, 
the  stacking  energy  between  neighboring  bonds, 
the  energy  of  the  dipole-dipole  interaction, 

the  dipole  parameter  expressed  in  terms  of  electric  charge  transfer  and  of  the  distance  between 
neighboring  base  pairs, 

the  potential  energy  between  two  consecutives  bases  along  a  strand  VQ  =  O.leV  in  an  equilibrum 
state, 

the  linear  frequency  of  the  isolated  oscillator  which  is  equal  to  : 

/  9  \1/ 2  19 

f0  =(1/2ji)  2D/mw“  =  1.14 10*“  Hertz  (3) 

One  considers  the  radial  displacement  of  the  base  unit  and  the  angular  rotation  between  two  adjacent  base  pairs 
from  their  equilibrium  state.  The  lattice  oscillations  are  designed  by  pulsation  Of  for  the  radial  displacement 
and  Op  for  the  twist  one. 
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Fig.  1. 


The  adiabaticity  parameter  (h/27i)(Qf  /  V0)  (4)  equal  to  :  0.041  proves  the  adiabatic  right  hypothesis 

during  a  quasi  instantaneous  displacements.  From  the  fixed  parameters  at  an  equilibrium  state  :  a  =  3.4  A, 
0O  =  36°  ,  R0  =  12  A,  we  deduced  the  distance  £0  between  two  consecutive  bases  along  a  strand  : 

l0  =  -\ja~  +  4Rq  sin"  (0O  / 2)  =8.16  A 
The  potential  energy  V0  is  equal  to  : 

V0  =Po-q/47leo4  (5) 

where  p0  is  the  moment  of  the  charge.  With  Vo=0.1eV  we  deduced  :  q.p0  =1.1810  .Taking  p0=q.lA, 
—19 

gives  :  q  =  1.08  10  C  which  is  approximately  the  electron  charge.  The  mobility  of  the  charge  is  possible  in 
the  presence  of  random  parametrical  and  structural  disorders  inherent  to  DNA  molecules  [3]. 

Recently  some  authors  [4]  have  considered  the  charge  q  when  hydrogen  bonds  stretch  using  quantum  chemical 
methods  taking  into  account  the  nucleoside  pairs  (sugar  linked  to  base).  The  value  of  the  dipole  parameter 

J  =  q-/4ji£0a3  (6)  is  equal  to  :  3.3  10  3eV/A2  let  us  be  0.053  J/m"  with  q  =  -  0.095  e, 
which  is  the  charge  transfer  intermediate  between  the  A-T  and  G-C  base  pairs  [1]. 

The  stacking  parameter  is  given  by  some  authors  [5]  equal  to  0.96  J/m2  (let  us  be  0.06  eV/  A2),  and  by  others  [6] 
comprised  between  0.01  and  10  eV/  A~.  It  has  been  then  considered  as  adjustable  parameter  [4].  In  short  we  can 
report  according  [4]  that  solitons  or  “discrete  breathers”  can  be  also  generated  from  or  exist  among  random 
thermal  fluctuations.  Moving  breathers  with  speed  comprised  between  4  and  24  m/s,  behave  as  quasiparticles, 

—25 

having  an  effective  mass  between  30  and  46  amu  and  a  kinetic  energy  comprised  between  6.5  10  “  J  and 
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—23 

2.10  “  J,  which  is  able  to  pass  over  a  bending  point  in  function  of  the  strand  curvature.  For  T  =  310°  K  the 

—2i  —2 

thermal  energy  is  KT  =  4.3  10  J  or  2.7  10  “ c V  .  The  conduction  mechanism  in  DNA  was  recently  studied 

[7] ,  showing  the  impact  of  disorder.  Evidently  the  charge  motion  is  influenced  by  the  vibrational  modes  of  the 
double  helix.  Results  concerning  the  electron  transport  in  synthetic  DNA  polymers  had  been  recently  published 

[8] .  For  many  organs  we  know  that  beyond  a  frequency  of  2.10^  Flertz,  the  conductivity  trends  upward  very 
quickly  [Gabriel  King’s  College,  London,  June  1996].  To  establish  the  theory  of  the  cell  division  Popp  [8] 
supposed  a  high  conductivity  for  the  cell  membrane  without  indication  of  its  value.  Albrecht-Buehler  [9]  thinks 
that  centriolar  “blades”  have  a  high  conductivity.  Centrosome  is  an  intracellular  organelle  composed  of  2 
centrioles  and  pericentriolar  material.  The  centrioles  are  a  pair  of  cylinder-like  structures.  (0.8  x  0.15  pm)  often 
disposed  in  an  orthogonal  way  to  each  other.  Each  centriole  is  composed  of  9  separate  protofdaments  (0.8  pm 
x  40  nm).  Electrons  of  very  low  energies  can  induce  substantial  yields  of  single  and  double  strand  breaks  of 
DNA  in  near  infrared  spectrum  [10]  and  [11].  To  be  in  a  good  agreement  with  numerous  experimental  results  in 

near  infrared,  visible  and  near  ultraviolet  spectra  we  must  choose  a  conductivity  of  lO^S/m  for  the  membrane 
medium  [12]. 

The  figure  2  gives  the  theoretical  velocity  v  of  the  moving  electron  along  the  DNA  chain,  as  a  function  of  the 
amplitude  E0  of  the  periodic  field  parallel  to  the  double  helix  axis,  for  different  frequencies  in  the  millimeter 
wave  ranges.  It  is  taken  out  from  [3]  but  expressed  now  with  more  convenient  parameters.  The  normalized 
frequency  given  in  [4]  is  related  to  the  frequency  f0  (3),  with  D  =  0.04  eV,  w=  0.224A  and  m  =  5.10  Kg. 
Coherent  electron  transfer  can  be  stimulated  when  the  frequency  of  the  applied  field  is  such  that  : 
11  12 

10±J  <  f  <  3.10  “Hz  .To  be  efficient  the  applied  external  electric  energy  eE0£0  has  to  be  higher  than  V0  let  us 
be:Eofo>0.1V  with  i0  =  8.16  A  that  is  E0  >  108  V/m. 

Moreover  the  electron  kinetic  energy  comprised  between  4.10  and,  610  J,  is  very  weak  compared  with 
the  thermal  fluctuation  kT. 


Eo  (V/m) 


Fig.  2 
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Fig.  3  :  Temporal  electronic  occupation  probability 

The  figure  3  shows  the  temporal  behavior  of  the  electronic  occupation  probability  of  the  electron  along  the 
DNA  axis  in  the  presence  of  the  external  field  at  f  =  101 1  Hz  for  different  amplitudes  E0  and  a  disorder  of  0.02 
eV.  The  position  z(  A)  corresponds  to  the  electronic  occupation  probability  after  a  propagation  from  a  starting 
one  for  t  =  0.  When  the  field  amplitude  is  enlarged  the  dynamic  of  the  electron  and  the  amplitude  of  the 
oscillations  become  weaker.  The  oscillation  frequencies  fosc  are  higher  than  the  electronic  one  equal  to  10^  Hz 
as  indicated  in  Table  III. 


E0  (V/m) 

6. 107 

1.2  108 

1.8  108 

fosc  (Hertz) 

1.25  1011 

2. 1011 

2.8  1011 

Table  III  (valid  for  f  =  101 1  Hz  ) 

11.  3 

Whatever  E0  ,  the  maximum  velocity  v^  at  f  =  10  Hz  is  equal  to  2.3  10  m/s  .  All  these  results,  valid  for  a 
relative  strong  disorder  AE  on  site  electronic  energy  equal  to  0.02  eV,  are  due  to  the  nonlinear  physics  applied 
to  DNA. 


COMPARISON  BETWEEN  THEORY  AND  EXPERIMENTS  IN  MILLIMETER 
RANGE 

AC  conducting  DNA  in  the  millimeter  range  has  been  measured.  Several  authors  have  shown  an  appreciable 
conducting  which  approaches  that  of  a  well-doped  semiconductor.  Nevertheless  it  has  been  found  that  the  high 
AC  conductivity  of  DNA  can  be  attributed  largely  to  relaxational  losses  of  the  dipoles  of  the  water  molecules  in 
surrounding  hydratation  layers  [1].  The  total  number  of  water  molecules  per  nucleotide  has  to  be  correlated  with 
the  relative  humidity  [13].  For  instance  the  adsorption  of  water  molecules  per  nucleotide  is  equal  to  13  for  a  rate 
of  humidity  (R.H)  equal  to  84  %  and  4  for  a  R.H  of  60  %.  For  an  R.H  of  0  %,  there  are  2.5-3  water  molecules 
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per  nucleotide  which  cannot  be  removed  from  the  helix.  The  table  IV  shows  the  AC  conductivity  of  calf  thymus 
DNA  measured  in  terms  of  the  frequency  [1], 


f(Hz) 

1011 

2  1 01 1 

5  101 1 

1012 

RH  :  0  % 

a  (S/m)  [1] 

1 

12 

35 

100 

a(S/m)  [1] 

25 

50 

70 

110 

RH :  84%  < 

A(N /k0)  (1) 

4.9 

5.4 

3.5 

3.0 

CP  (2) 

0.60 

0.75 

0.40 

0.50 

Table  IV  :  conductivity  a  measurements  of  calf  thymus  DNA 


The  conductivity  a  ,  which  is  increasing  with  the  frequency  and  the  rate  of  humidity,  can  be  attributed  largely  to 
the  water  layer  surrounding  the  DNA  blackbone.  In  effect,  for  a  R.H  equal  to  84  %  the  absorption  A(  N  /  X0  ) 
and  Cp  were  calculated  with  the  relations  (1)  and  (2)  using  the  experimental  conducting  ct  [1]  and  sr  given  in 
Table  I.  The  experimental  values  o  [1]  and  the  deduced  absorption  A  (N  /  A0)  shown  in  Table  IV  are 
normally  as  should  be  weaker  than  these  shown  in  Table  I  valid  for  the  bulk  pure  water.  The  measured 
conductivities  of  the  single  and  double  strands  have  been  found  identical  [1],  Considering  the  weak  values  of 
Cp  we  can  say  that  the  DNA  can  be  reported  to  a  dielectric  medium  in  spite  of  its  important  conductivity. 

Previously  reported  conductivity  value  of  240  S/m  was  evaluated  from  the  measured  loss  of  highly  sensitive 
resonant  cavities  operating  at  12  and  100  GHz  [14]. 


SOLITARY- WAVE  EMISSIONS 


The  emission  are  due  to  solitary-waves  or  solitons  issued  from  an  external  confined  plasma  device  [15].  The 
induced  emission  lifetime  of  the  ion  in  vivo  medium  is  given  [17]  : 


2ne(An;)Vp 


(7) 


n  is  the  mean  complex,  index  of  refraction  at  fr  in  the  vivo  medium. 

The  parameters  inserted  between  brackets  are  related  to  the  plasma  device. 

Pt  is  the  electric  moment  of  the  dipolar  transition.  Z  is  the  atomic  number  of  the  ion.  fr  is  the  square  signal 
modulation  frequency  of  a  high  RF  frequency  used  to  light  the  discharge  inside  the  plasma  tube.  The  density  of 
the  ions  at  the  fundamental  state  in  a  strong  electrolyte,  equivalent  to  the  interstitial  liquid,  which  has  been 

carried  is  equal  to  :  Nj  =1.85  1026  /m3  :  [16]. 

From  [17]  we  deduced  in  the  vivo  medium  : 


N2  =Nj  3.710 


16 


(8) 

,  ,n20  r-3  i~i2 
Tg=4.10  fr  ,  n 

(9) 

vvj  sr 

N?  is  the  density  of  excited  ions  per  unit  of  volume  and  v  the  frequency  of  their  photonic  emission.  From  N2 

1  j'l 

we  deduced  the  mean  distance  between  sollicitaded  ions  by  the  expression  :  d  =  ( N2 )  (10) 
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We  showed  that  a  low  frequency  fr  acting  upon  ion  produce  an  ionizing  radiation  in  the  optical  range  [17]. 

The  Table  V  shows  the  calculated  values  related  to  the  ion  induced  emissions  in  terms  of  the  free  wavelengths 
for  a  higher  modulation  frequency  fr  and  a  weak  lifetime. 


T'o 

0.25  pm 

1pm 

10  pm 

100  pm 

1  mm 

1.78  mm 

d 

16  pm 

4  pm 

0.4  pm 

400  A 

40  A 

22  A 

n  =  N2/N1 

1.3  10“12 

8.8 10  1 1 

8.8 10“8 

8.8 10-5 

8.8 10“2 

0.5 

N2  /  m3 

2.4  1014 

1.6  1016 

1.6 1019 

1.6 1022 

1.6 1025 

9.2  1025 

v(Hz) 

1.2  1015 

3.1014 

3.1013 

3.1012 

3.1011 

1.69  1011 

W  =  hv  (J) 

8. 10_ 19 

2.10-19 

2.10-20 

2 10— 21 

2. 10_ 22 

1.1  10“22 

d/X0 

64 

4 

0.04 

4.10-4 

4.10“6 

1.2  10“6 

Table  V  :  Ion  induced  emission 

valid  for  fr  =  4. 106  Hz,  xB  =  6.103  s  (9),  NT  =  1.85  1026  /m3,  |n|2=103, 


When  the  wavelength  is  enlarged  the  mean  distance  d  between  the  sollicited  ions  and  the  energy  of  the  quantic 
oscillator  W  are  decreasing,  while  their  density  N2  increases.  We  have  shown  in  [17]  that  when  d/^0  <1/ji 
two  adjacent  dipoles  have  a  strong  mutual  coupling  such  that  the  radiation  of  the  array  due  to  the  whole  excited 
ions  was  suppressed.  Nevertheless  the  electric  field  amplitude  E0  due  to  one  ion  is  given  by  : 

E0  =Pt /4jt£0r3  (11) 

Pt  is  the  electric  moment  of  the  dipolar  transition  approximately  equal  to  : 

Pt  =  e.l  A=1.6  10“29  (C.m) 

Forr=  10A,  we  obtain  from  (1 1)  :  E0  =1.410  V  /  m  .  Let  us  consider  the  electrostatic  attraction  of  an  electron 

by  the  ion  when  the  viscosity  strength  is  taken  into  account.  We  calculate  for  r  =  10  A  a  speed  of  5.510  m / s, 

_2 

that  is  a  kinetic  energy  equal  to  10  “  eV.  Let  be  a  free  electron  motionless  knocked  by  a  photon  of  W  =  hv 
energy.  We  suppose  a  perfectly  elastic  shock.  Before  and  after  the  shock  the  whole  impulse  is  unchanged.  If  we 
neglect  the  Compton  effect,  that  is  the  frequency  variation  of  the  photon,  we  can  write  : 

2hv 

- =  meve  (12), 

c 

TO  T 

With  :  hv  =  5.1  eV,  me  =  0.91 10  Kg,  we  deduced  from  (12)  the  electron  speed  :  ve  =  6.10  m/s  .  So  the 

—23  —4 

electron  kinetic  energy  is  equal  to  :  1.610  ~  J,  that  is  10  eV.  The  photon  which  is  associated  with  an 

8 

electromagnetic  wave  is  moving  along  the  DNA  with  a  speed  equal  to  :  Vp  =  1.65  10  m /  s  (see  Table  I).  The 
photon  can  be  also  absorbed  by  the  particle.  Then  the  photo-ionization  principle  may  give  birth  to  an  electron, 

~4 

with  an  energy  higher  than  10  e  V  . 
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SUMMARY 


a)  We  introduced  the  ratio  of  the  conduction  to  the  displacement  currents  to  express  the  conduction 
quality  Cp  (2)  of  a  medium.  Thus  the  pure  water  has  a  conduction  o  which  is  always  increasing  all  along  the 

frequency  range,  while  the  conduction  quality  Cp  is  the  highest  in  the  millimeter  wave  range  (Table  I). 

b)  We  justify  the  validity  of  the  biexponential  Debye  relaxation  model  of  the  pure  water  extrapolated 
until  the  U.V  range,  by  means  of  experimental  results  obtained  on  the  human  skin. 

c)  Table  I  shows  the  attenuation  per  wavelength  which  is  maximum  in  the  millimeter-wave  range. 
Recent  measurements  in  that  range  have  shown  appreciable  AC  conductivity  of  DNA  which  is  largely  ascribed 
to  relaxational  losses  of  the  surrounding  water  dipoles  [1].  We  have  extended  this  property  to  the  UV  range 
(Table  II),  showing  further  the  action  of  photons  upon  free  electrons. 

d)  Excited  ions,  by  means  of  our  external  plasma  device  generator  of  solitary  waves,  is  the  object  of 
photon  emissions  where  an  example  is  given  in  the  Table  V.  An  electron  can  be  shocked  by  a  photon  in  UV, 

-4 

showing  a  kinetic  energy  equal  to  10  eV.  What’s  more  by  means  of  the  electrostatic  attraction  of  one  ion,  an 

—2 

electron  can  show  a  kinetic  energy  equal  to  10  “eV.  They  can  be  used  to  activate,  control  and  explain  the 
division  of  fibroblasts  and  the  cancer  mechanisms  of  human  skin,  the  main  modification  of  DNA  molecules  by 
U.V  radiation  being  the  formation  of  pyrimidine  dimers  [11]. 
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Abstract 

Simple  parametric  equations  are  presented  in  terms  of  Jacobi  elliptic  functions  that  provide  a  realistic  model  of 
abnormal  variations  in  size  which  maintain  the  biconcave  shape  of  a  normal  erythrocyte  (anisocytosis),  and 
abnormal  variations  in  shape  which  maintain  the  original  volume  of  the  erythrocyte  (poikilocytosis),  as  well  as 
continuous  deformations  from  the  normal  to  the  altered  shapes.  We  illustrate  our  results  with  parameterizations 
of  spherocytes,  ellipsoids,  microcytes,  macrocytes  and  stomatocytes,  and  apply  these  parameterizations  to  the 
numerical  calculation  of  the  induced  transmembrane  potential  in  stomatocytes  and  the  induced  electric  stress  on 
the  membrane  of  erythrocytes  when  both  cells  are  exposed  to  an  external  electromagnetic  field  of  1800  MHz. 


Introduction 

Erythrocytes  are  the  most  numerous  cells  in  the  blood  and  their  complete  characterization  has  attracted  much 
effort.  In  particular  it  has  been  known  experimentally  for  more  than  fifty  years  that  a  variety  of  agents  can 
modify  systematically  and  reversibly  the  normal  erythrocyte  shape  and  size  [Ponder  1948].  From  a  biophysical 
point  of  view  changes  in  shape  have  been  related  to  different  mechanisms,  such  as  variations  of  the  membrane 
potential  and  temperature  [Glaser  1979],  to  anion-exchange  protein  band  3  [Wong  1994,  Gimsa  1998]  or  to  the 
influence  of  the  cytoplasmatic  pH  [Gedde  et  al.  1995].  From  a  complementary  point  of  view,  the  increasing  use 
of  numerical  techniques  in  the  calculation  of  multiple-cell  phenomena  has  prompted  the  development  of  realistic 
mathematical  models  for  the  shape  of  normal  erythrocytes  [Gray  1998,  Bloor  and  Wilson  2000,  Oroz  2004].  In 
fact,  we  have  shown  in  previous  work  the  crucial  role  played  by  an  accurate  geometry  of  the  cell  in  the  study  of 
the  response  of  normal  erythrocytes  to  electromagnetic  fields  [Sebastian  et  al.  2001,  2004,  Munoz  et  al.  2003]. 
However,  we  are  not  aware  of  any  simple  geometrical  model  for  altered  erythrocyte  shapes. 

In  this  paper  we  address  the  modeling  of  abnormal  variations  in  size  which  maintain  the  basic  biconcave  shape 
of  the  normal  erythrocyte  (anisocytosis),  and  abnormal  variations  in  shape  which  maintain  the  original  volume  of 
the  erythrocyte  (poikilocytosis). 

Anisocytosis  is  the  generic  term  used  to  describe  an  abnormally  wide  distribution  of  the  sizes  of  the  erythrocytes 
in  the  blood,  be  it  due  to  the  presence  of  young  red  blood  cells  such  as  macrocytes  which  are  larger  than  mature 
normal  red  blood  cells,  or  to  the  presence  of  smaller  red  blood  cells  such  as  microcytes.  Although  anisocytosis 
by  itself  is  not  diagnostic,  an  improved  anemia  classification  might  be  available  by  combining  measures  of  red 
blood  cell  size  variability  with  mean  corpuscular  volume  [Simel  et  al.  1988].  Microcytic  cells  occur  in  immune- 
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mediated  hemolytic  anemia,  microvascular  constriction,  early  Heinz-body  anemia  and  iron-deficiency  anemia. 
Macrocytic  cells  occur  with  regenerative  anemia  and  rarely  with  erythrocytic  leukemia. 

The  rather  non-specific  term  poikilocytosis  is  used  to  describe  an  unusually  high  (greater  than  10%)  population 
of  abnormally  shaped  erythrocytes  in  peripheral  blood  [Harvey  2001].  These  morphologically  abnormal 
erythrocytes  (poikilocytes)  may  be  caused  by  a  variety  of  conditions,  including  fragmentation  of  erythrocytes, 
oxidative  injury,  immune-mediated  damage,  and  congenital  abnormalities  [Cowell  et  al.  1999].  Among  these 
morphologically  abnormal  cells  are  the  spherocytes  and  stomatocytes.  Spherocytes  are  red  blood  cells  that  are 
almost  spherical  in  shape.  They  have  no  area  of  central  pallor  like  a  normal  red  blood  cell.  Large  spherocytes 
(macrospherocytes)  are  seen  in  hemolytic  anemia,  whereas  small  spherocytes  (microspherocytes)  are  sometimes 
seen  in  severe  burn  cases.  Stomatocytes  are  characterized  by  a  slit-like  zone  of  central  pallor.  Stomatocytes  are 
usually  the  result  of  a  water  content  increase,  an  alteration  of  cation  content  and  flux  or  and  amphipathic  drug 
use  [Lim  et  al.  2002,  Fujii  et  al.  1979,  Elgsaeter  and  Mikkelsen  1991,  Isomaa  et  al.  1987].  This  altered 
erythrocyte  shape  is  particularly  interesting  because  of  its  abnormal  increase  in  osmotic  fragility  which  could 
lead  to  mechanical  damage  in  turbulent  blood  flow  circulation. 

Considering  the  essential  role  played  by  the  shape  and  size  of  the  red  blood  cells  in  all  the  processes  mentioned 
above,  realistic  cell  models  for  spherocytes,  macrocytes,  microcytes  and  stomatocytes  (as  typical  representatives 
of  poikilocytes)  must  be  used  in  any  morphological  cell  analysis.  In  particular,  the  variation  of  the 
transmembrane  potential  when  the  cell  is  exposed  to  an  electromagnetic  (EM)  field  is  a  good  probe  of  the 
interaction  mechanism  between  biological  cells  and  external  radiation. 

The  layout  of  this  paper  is  as  follows:  in  the  next  section  we  briefly  review  existing  mathematical  models  for  the 
normal  erythrocyte  shape,  and  then  present  a  new  set  of  simple  parametric  equations  that  by  means  of  free 
parameters  model  accurately  continuous  deformations  from  a  simple  sphere  to  the  final  erythrocyte  altered 
shapes;  then,  as  applications  of  these  equations,  we  determine  the  transmembrane  potential  and  the  electric  stress 
forces  induced  in  the  membrane  of  different  cell  shapes  when  they  are  exposed  to  an  external  EM  field;  the  paper 
ends  with  a  brief  summary. 


Parameterizations  of  erythrocyte  shape  abnormalities 

Among  the  methods  frequently  used  to  model  the  erythrocyte  normal  shape  [Sebastian  et  al.  2004,  Moon  and 
Spencer  1998]  we  mention  the  surface  of  revolution  generated  by  a  Cassini  curve  [Gray  1998].  Its  main 
advantage  is  that  Cassini  curves  have  simple  parametric  representations  in  terms  of  trigonometric  functions;  its 
main  limitations  are  that  Cassini  curves  are  determined  by  only  two  parameters  (which  can  be  used  to  fix  only 
the  length  and  the  height  of  a  real  erythrocyte),  and  that  the  implementation  of  anisotropic  deformations  is  not 
straightforward  (in  particular  poikilocytosis  and  the  changes  in  the  shape  of  membranes  which  occur 
spontaneously  when  the  cells  are  immersed  in  an  aqueous  environment  under  appropriate  conditions  [Jie  et  al. 
1998]). 

At  the  other  end  in  complexity  is  the  approach  proposed  by  [Bloor  and  Wilson  2000],  who  use  an  elliptic  partial 
differential  equation  in  combination  with  an  expression  for  the  membrane  surface  energy  to  give  a  most  realistic 
representation  of  the  shape  of  the  membrane  surface.  This  approach,  however,  lacks  the  advantages  of  a  simple 
parametric  representation. 


To  find  a  reasonably  simple  parametric  representation  that  allows  for  the  modeling  of  the  deformations  we 
finally  recall  the  parametric  representation  of  the  normal  biconcave  erythrocyte  in  terms  of  the  sn(w|w) , 

cn(w|  m)  and  dn(w|  m)  Jacobi  elliptic  functions  with  three  free  parameters  [Kuchel  and  Fackerell  1999],  which 
we  prefer  to  write  directly  in  terms  of  as  many  physically  measurable  parameters  as  possible: 


r(u,</>)  = 


■t  K. 

— cn(w |  m)  cos  0, — cn (u  |  m)  sin  (j>,  ±hg  sn(« |  m) 


dn(w|  m) 
dn(£/|  m) 


(1) 


where  i  is  the  diameter  of  the  erythrocyte,  2 h0  is  the  height  of  the  erythrocyte  at  its  center,  U  =  K(m)  is  the 
corresponding  complete  elliptic  integral  of  the  first  kind  (which  satisfies  cn(I/|  m)  =  0 ,  sn((/|w)=l  and 
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dn(t/|zw)  =  VT  -  m  ,  although  for  clarity  we  keep  the  functional  form  of  this  last  expression  in  the  parametric 
equations),  u  e [0,t/] ,  (j)  e  [0,2;r] ,  and  the  plus  and  minus  signs  correspond  to  the  upper  and  lower  half  of  the 
cell  respectively.  The  only  remaining  parameter  is  m  e  [0,1) ,  which  can  be  used  to  fix  for  example  2/zmax ,  the 
maximum  height  of  the  erythrocyte.  Equation  (1)  is  obviously  suitable  to  model  not  only  normal  erythrocytes  but 
also  macrocytes  and  microcytes,  because  they  essentially  keep  the  normal  erythrocyte  shape  and  only  differ  in 
that  they  have  different  values  for  the  diameter  and  height  of  the  cell  (and  therefore  different  volumes). 

To  discuss  the  parameterization  of  altered  shapes  we  first  proceed  by  example:  our  model  of  the  stomatocyte  is 
generated  by  the  equations 


r+(M,f2i)  = 


— cn(u|  m+ )  cos  (/),  —  cn(z/ 1  m+ )  sin  (/),  h+  sn(z/|  m+ ) 


dn(z/|zzz+) 
dn(I/+ 1  m+ ) 


\  3  A 


r_(u,<f>)  = 


—  cn(zz  |  m_ )  cos  (/>,  —  cn(z/ 1  m_ )  sin  <j>,  -h_  sn(z/ 1  m_ ) 


dn(zz|/zz_) 
dn(C/_  m_) 


(2a) 


(2b) 


for  the  upper  and  lower  parts  of  the  cell  respectively.  Note  that  in  addition  to  the  different  powers  (cube  and 
square  respectively)  of  the  Jacobi  dn(z/|zw)  function  in  the  third  component  of  r ±(u,</>) ,  we  also  use  independent 
values  of  the  parameters  h±  and  m,  (and  the  ensuing  if ,  =  K(m± ) )  for  the  upper  and  lower  part  of  the  cell. 


Figure  1  shows  the  parameters  and  2D  generating  curves  for  the  sphere,  ellipsoid,  basic  discocyte  and  a 
stomatocyte  of  the  same  volume  obtained  from  Eqs.  1  and  2  respectively.  Similarly,  Figure  2  shows  the  3D 


Fig.  1  2D  generating  curves  obtained  from  equations  1  and  2  for  a)  spherocyte  b)  ellipsoid  c)  normal  biconcave 
erythrocyte  and  d)  Stomatocyte.  The  different  modeling  parameters  used  in  the  equations  are  shown  in  Table  1 . 
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(c) 


(d) 


Fig.  2  3D  view  of  the  spherocyte,  ellipsoid,  erythrocyte  and  stomatocyte  models  generated  using  Mathematica. 

cell  geometries  generated  in  Mathematica  [Wolfram  2003]  by  rotation  of  these  curves  around  the  vertical  axis. 
As  it  can  be  easily  seen  in  both  the  2D  and  the  3D  figures,  our  stomatocyte  model  has  a  deep  dimple.  This  degree 
of  severity  of  the  invagination  determines  that  it  belongs  to  subclass  II  [Bessis  1977]  and  is  perfectly  modeled  by 
the  modified  Eq.  2.  In  Table  1  we  present  the  numerical  values  of  the  parameters  of  these  cells  as  well  as  of  the 
parameters  of  the  macrocyte  and  microcyte.  Note  that  the  maximum  height  of  the  stomatocyte  has  to  be 
determined  by  using  the  inverse  functions  u±  =  sn\x,m±) ,  and  that  the  volumes  of  the  upper  and  lower  parts  of 
the  cells  can  be  readily  calculated  thanks  again  to  the  parametric  equations: 


tu±  i 

V±  =  -2;rJ  x  (u,m±)x(u,m±)z(u,m±)du , 


(3) 


where  the  prime  denotes  derivation  with  respect  to  u. 


Cell 

£(jum) 

Spherocyte 

5.46 

Ellipsoid 

7.2 

Normal  erythrocyte 

7.8 

Microcyte 

5 

Macrocyte 

10 

Stomatocyte  II  (+,  — ) 

7.6 

h(jum) 

m 

2.73 

0 

1.4 

0.3954 

0.5 

0.9447 

0.4 

0.9520 

0.65 

0.8446 

(0.1242,1.4037)  (0.9741,0.4720) 


E(/mT) 

2/U  (/'m) 

8  (nm) 

85.29 

5.46 

8 

85.17 

2.8 

8 

85.1 

2.19 

8 

29.8 

1.87 

8 

118.1 

1.79 

8 

85.02 

2.19 

8 

Table  1.  Parameters  used  in  Eqs.  1  and  2  to  model  the  different  cell  shapes:  l  is  the  diameter  of  the  cell,  2 h 
( h  +  h  for  the  stomatocyte)  is  the  height  at  the  centre,  m  ( m  and  m  for  the  stomatocyte)  is  the  parameter  in  the 

Jacobi  elliptic  functions,  V  is  the  volume,  2 h  the  maximum  height  and  8  the  thickness  of  the  membrane. 


We  now  proceed  to  discuss  the  rationale  behind  and  the  generalization  of  the  parameterization  given  by  Eq.  2. 
Note  that  the  common  structure  of  Eqs.  2a  and  2b  is 
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r  {u,<t>)  = 


—  cn(z/|  m)  cos  </>,  —  cn  (w  |  m)  sin  (j>,  h  sn(z/|  m) 


dn(w|m) 
dn(t/|  w) 


(4) 


where  the  exponent  p  (here  equal  to  3  and  2  respectively)  is  a  new  parameter  which  in  effect  controls  the  gross 
features  of  the  shape.  Note  also  that  the  original  parameterization  of  the  normal  erythrocyte  shape  of  Kuchel  and 
Fackerell  is  the  particular  case  p  =  1  of  our  Eq.  4.  In  fact,  taking  into  account  that  the  Jacobi  elliptic  functions 
can  be  considered  as  deformations  of  the  familiar  trigonometric  functions  to  which  they  reduce  for  m  =  0 
(sn(z/|0)  =  sinz/ ,  cn(z/|0)  =  coszz  and  dn(z/|0)=l,  in  which  case  the  parametric  Eq.  4  represents  a  revolution 

ellipsoid)  and  taking  into  account  also  the  elementary  properties  of  these  Jacobi  functions  [Abramowitz  and 
Stegun  1972],  it  can  be  seen  that  the  essential  features  of  the  parameterization  (4)  are  maintained  for  positive 
(not  necessarily  integer)  values  of  p.  This  new,  continuous  parameter  can  be  used  to  advantage  in  the  modeling 
not  only  of  altered  shapes,  but  of  continuous  deformations  of  the  normal  erythrocyte  into  these  deformed  shapes. 

Finally,  we  have  insisted  on  the  advantages  of  an  explicit  parametric  representation:  in  particular  we  can  easily 
generate  the  uniform  shell  representing  the  membrane  by  shifting  any  parametric  surface  given  by  Eq.  4  by  a 
constant  distance  8  along  the  outer  normal  at  each  point,  i.e.,  the  outer  layer  of  the  membrane  is  given  by 

r>(M,^)  =  r(M,^)  +  <?n(zq^)  (5) 


where 


(dr/d<f>)x(dr/du) 

111 [U,<P “  \(dr  I  d</>)x{dr  /  du)\ ' 

Eqs.  4,  5  and  6  summarize  our  rather  general  model  of  normal  or  altered  erythrocytes. 


(6) 


Applications 

To  illustrate  the  practical  use  of  these  parameterizations,  we  present  (1)  the  numerical  calculation  of  the  induced 
transmembrane  potential  in  stomatocytes  and  (2)  the  induced  electric  force  (electrical  stress  tensor)  on  the 
interface  between  the  realistic  curved  membrane  and  the  external  medium  in  normal  erythrocytes.  Both  cells  are 
exposed  to  an  1800  MHz  plane  wave,  a  typical  carrier  frequency  in  cellular  phones  and  in  wireless  surveillance 
systems. 

The  resting  transmembrane  potential  is  a  basic  magnitude  to  the  physiological  state  of  the  cell  [Gedde  and 
Huestis  1997,  Glaser  1998,  Bifano  et  al.  1984],  and  therefore  the  determination  of  induced  field  strengths  and 
transmembrane  potentials  can  provide  a  good  insight  on  the  relation  between  the  exposition  to  radiofrequency 
fields  and  subsequent  cell  changes.  The  relevance  of  the  induced  transmembrane  potential  can  be  inferred  from 
the  numerous  papers  previously  published  by  different  authors  [Grosse  and  Schwan  1992,  Kotnik  and  Miklavcic 
2000a,  2000b  and  therein].  However,  these  former  studies  have  generally  used  simplified  spherical  or  spheroidal 
cell  geometries  (also  a  particular  case  of  Eq.  4),  or  at  most  the  more  realistic  parameterization  of  the  normal 
erythrocyte  by  a  Cassini  curve.  Given  the  numerical  precision  that  can  be  attained  in  these  calculations  we  do  not 
expect  a  significant  difference  between  the  results  for  a  normal  erythrocyte  parameterized  by  a  Cassini  curve  and 
a  normal  erythrocyte  parameterized  by  Eq.  1.  However,  Eqs.  4-6  permit  us  to  perform  the  corresponding 
calculations  for  abnormal  erythrocytes,  which  to  our  knowledge  has  not  been  carried  out  before. 

Our  model  of  cell  (stomatocyte  and  erythrocyte)  is  formed  by  two  media:  the  membrane  and  the  cytoplasm.  The 
cytoplasm  is  a  physiological  saline  solution  with  a  protein  volume  fraction  of  0.26.  The  membrane  will  be 
represented  by  a  shell  of  constant  thickness  8  =  8nm  that  has  a  very  low  conductivity  and  a  frequency- 
independent  relative  permittivity  [Gimsa  et  al.  2001].  The  cell  is  immersed  in  an  external  continuous  medium  - 
the  radiation  region-  formed  by  an  electrolyte  with  the  dielectric  properties  of  physiological  saline.  Table  2 
shows  the  electrical  parameters  for  the  membrane,  cytoplasm  and  external  medium.  These  values  are  typical 
for  the  erythrocyte  structure  and  have  been  extensively  used  in  the  literature  [  Simconova  et  al.  2002]. 
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As  the  cell  dimensions  (~  8  urn)  are  much  smaller  than  the  wavelength  at  the  working  frequency  (  ~  2  cm),  we 
can  assume  that  the  cell  is  exposed  to  a  uniform  field.  Therefore  a  quasistatic  approximation  holds  and  we  can 
calculate  the  field  distribution  by  solving  directly  the  full  Maxwell  equations  using  a  discretization  of  the  cell 
model  geometry  into  tetrahedral  elements  with  an  adaptive  mesh. 


Cell 

s/s0 

a  (S/m) 

Loss  tangent 

Cytoplasm 

50 

0.53 

0.10590 

Membrane 

9.04 

lxl  0"6 

1.1052xl0~6 

External  medium 

80 

0.12 

0.014986 

Table  2.  Relative  permittivity  s/s0  ,  conductivity  a  ( s/m ) ,  and  loss  tangent  for  the  cytoplasm,  membrane  and 
external  continuous  medium  at  1.8  GHz. 

In  this  paper  we  use  a  finite  element  (FE)  technique  [Jin  1993,  Douglas  et  al.  2000]  with  a  variable  density  mesh 
to  determine  the  electric  field  intensity  within  the  different  layers  of  the  cell.  The  cells  are  exposed  to  a  linearly 
polarized  EM  plane  wave  of  frequency  1.8  GHz  propagating  along  the  y  axis,  with  the  E  and  H  field  vectors 
parallel  to  the  z  and  x  axes.  The  radiation  region  is  taken  to  be  a  cube  in  which  the  cells  are  immersed.  This 
region  is  filled  with  the  external  medium  and  surrounded  by  perfectly  matched  layers  (PML).  This  setup 
provides  a  reflectionless  interface  between  the  region  of  interest  and  the  PML  layers  at  all  incident  angles 
[Becache  and  Joly  2001].  We  achieve  a  good  compromise  between  accuracy  and  computing  resources  by 
extending  the  dimensions  of  the  radiation  region  to  the  order  of  four  wavelengths  in  the  external  medium.  This 
FE  numerical  technique  has  already  been  validated  by  the  authors  in  previous  works  with  simpler  [Sebastian  et 
al.  2001,  Munoz  et  al.  2003]  and  more  complex  geometries  [Munoz  et  al.  2004,  Sebastian  et  al.  2005].  For 
normalizing  purposes  the  electric  field  intensity  is  set  to  1  V/m. 

a)  Determination  of  the  induced  transmembrane  voltage  in  stomatocytes 

In  contrast  to  the  symmetrical  erythrocyte  shapes,  the  asymmetry  of  the  stomatocyte  around  the  major  axis  leads 
to  different  values  of  the  induced  transmembrane  potential  in  the  upper  and  in  the  lower  parts  of  the  cell.  Figure 
3  shows  this  induced  transmembrane  potential  both  in  the  upper  and  in  the  lower  parts  of  a  stomatocyte  as  a 


Distance  along  x  axis  Gm) 


Fig.  3  Induced  transmembrane  potential  in  the  upper  and  lower  parts  of  a  stomatocyte  as  a  function  of  the 
distance  x  along  the  major  axis  of  the  cell.  The  cells  are  exposed  to  an  RF  field  of  frequency  1800  MHz.  The 
electric  field  has  an  intensity  of  1  V/m  and  is  linearly  polarized  parallel  to  the  vertical  axis. 

function  of  the  distance  x  along  the  major  axis.  Again,  the  incident  external  electric  field  is  parallel  to  the  vertical 
axis.  Note  that  in  the  flattest  regions  of  the  lower  and  upper  parts  of  the  stomatocyte  the  applied  external  field  is 
perpendicular  to  the  membrane  surface.  As  the  values  of  the  conductivities  of  both  the  external  medium  and  the 
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membrane  are  very  low,  the  induced  transmembrane  voltage  in  these  regions  is,  as  expected,  mainly  governed  by 
the  ratio  of  the  respective  permittivities. 

b)  Determination  of  the  induced  electric  stress  forces  on  the  membrane  of  erythrocytes 
An  obvious  assumption  concerning  the  field  E  in  the  membrane  is  that  it  generates  a  Maxwell  stress  which  will 
compress  the  membrane.  This  electrical  stress  plays  a  fundamental  role  in  electroporation  processes.  In  the 
quasistatic  case,  the  forces  exerted  on  a  finite  volume  of  material  by  the  electric  field  can  then  be  expressed  as  a 
result  of  forces  acting  on  the  surface  limiting  this  volume  by  (Giner  et  al  1995) 

f=\  TjdSj  (7) 

with  the  stress  tensor  for  the  electric  field  in  a  material  medium  defined  by 

1  //  c- 

T„  =  sEiEj  —  SUE2  ( s-tj  — )  (8) 

1  ''  2  "  dq 

In  this  work,  we  have  not  considered  any  variations  of  the  electric  permittivity  of  both  media  with  their 
respective  mass  densities,  i.e.  d ei  / d tji  =  0  ,  and  therefore  Eq.  8  is  greatly  simplified. 


Distance  along  y  axis  (irim) 


Figure  4  Stress  force  density  ( Tzz )  exerted  on  the  centre  of  the  curved  erythrocyte  membrane  (solid  line)  and  on 
a  flat  membrane  (dashed  line).  The  force  density  is  directed  inward  the  membrane  (along  the  negative  z  axis  as 
shown  in  the  inset)  and  is  normalized  with  respect  to  the  external  field  ( s0E2 ). 

Although  our  analysis  has  only  been  limited  to  electrical  stress  and  to  a  very  short  radius  around  the  z  axis  of  the 
erythrocyte  (as  it  would  be  the  case  of  a  pore),  the  results  clearly  show  that  the  electrical  forces  favour  deforming 
of  the  membrane.  The  shape  and  size  evolution  of  the  cell  will  eventually  be  determined  by  a  combination  of 
electrical  and  mechanical  forces.  A  comparison  of  the  force  densities  obtained  for  an  unstretched  flat  membrane 
and  for  the  realistic  erythrocyte  model  shows  that  the  curvature  of  the  membrane  cannot  be  neglected. 


Summary 

We  have  given  a  simple  parameterization  of  erythrocyte  shapes  which  includes  as  a  special  case  the  normal 
biconcave  erythrocyte  of  Kuchel  and  Facherell  (and  consequently  spherical  or  ellipsoidal  models),  but  allows  for 
continuous  deformations  from  this  normal  shape  to  rather  general  altered  shapes  (like  stomatocytes).  As  an 
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added  advantage  of  having  a  simple,  explicit  parameterization,  we  can  generate  a  realistic  three  dimensional 
model  of  these  erythrocytes  by  shifting  the  inner  surface  a  constant  distance  along  the  outer  normal. 

As  an  application  of  this  parameterization  we  have  performed  numerical  calculations  of  the  transmembrane 
potential  induced  by  an  electromagnetic  field  of  1800  MHz  and  1  V/m  in  stomatocytes  and  normal  erythrocytes. 
The  results  for  the  unsymmetrical  stomatocyte  depend  essentially  on  the  new  parameterization,  and  have  to  be 
given  separately  for  the  upper  and  the  lower  parts  of  the  cell. 

Our  calculations  give  insight  into  electrical  stresses  on  realistic  curve  membranes  of  cells  immersed  in  an  electric 
field.  This  work  can  be  applied  to  different  cell  shapes  and  the  refinements  thereof  may  be  of  potential  value  in 
understanding  the  kinetics  of  the  rupture  of  membranes  and  related  phenomena  such  as  electrorotation  and 
dielectrophoresis. 

Finally,  we  point  out  that  this  analysis  is  purely  theoretical  and  has  been  performed  for  a  particular  orientation  of 
the  external  RF  field,  and  as  such  necessarily  calls  for  further  investigations. 
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Abstract. 

We  report  the  results  of  a  study  on  the  influence  of  extremely-weak  power  frequency  (60  Hz)  magnetic 
field  on  the  rate  of  regeneration  in  planarians  Girardia  tigrina  and  on  the  rate  of  gravitropic  curvature  development 
in  the  segments  of  the  line  stems.  The  data  presented  here  demonstrate  that  the  dependence  of  biological  effects 
on  the  field’s  amplitude  in  the  range  from  0.5  to  8  pT  is  polyextremal.  In  particular,  the  maxima  of  effects 
(activation  of  regeneration)  is  observed  at  BAC  =  1.3  and  3.9  pT,  while  at  BAC  =  2.5  and  5.4  pT  the  value  of 
bioeffects  are  close  to  zero.  The  experimentally  observed  dependence  of  bioeffects  on  the  field’s  amplitude  can  be 
reasonably  well  approximated  by  the  theoretical  expression,  which  we  obtained  earlier.  At  the  values  of  BAC  >8- 
10  pT  the  bioeffect  changes  its  sign  -  activation  of  planarian’s  regeneration  starts  to  be  replaced  by  its  inhibition. 
The  inhibition  takes  place  for  the  range  of  the  amplitudes  from  10  to  140  pT.  Simple  theoretical  estimates 
indicate,  that  the  observed  change  in  the  sign  of  the  effect  may  result  due  to  the  prevalence  of  the  effects  caused 
by  the  induction  of  the  alternating  currents  in  the  test-system  at  relatively  high  BAC  -  amplitudes.  These  results 
provide  additional  evidences  for  the  model,  explaining  the  interaction  of  weak  and  extremely  weak  alternating 
magnetic  fields  with  biosystems,  suggested  earlier  and  provide  the  basis  for  planning  of  the  epidemiological 
studies  and  interpretation  of  the  corresponding  results. 

1.  Introduction. 

At  present  time  it  is  generally  accepted,  that  low-frequency  alternating  magnetic  fields  (AMF)  with 
amplitudes  (magnetic  induction  values,  BAC)  equal  or  exceeding  10  pT  are  capable  to  induce  the  biological  effects 
in  a  number  of  biosystems.  This  kind  of  magnetic  fields  are  widely  used  in  medicine,  in  particular,  to  stimulate 
regeneration  of  bones  and  soft  tissues.  However,  humans  in  living  and  working  places  are  exposed  to  the 
influence  of  rather  weak  or  exteremely  weak  alternating  magnetic  fields  (EW  AMF),  originating  from 
technogenic  and  natural  sourses.  The  amplitudes  of  the  power-frequency  magnetic  fields  in  most  of  the  living 
places  range  from  0.01  to  1-2  pT,  while  at  some  working  places  it  may  reach  5-6  pT  [1],  Some  experimental 
studies  indicate  that  EW  AMF  may  substantially  influence  some  biological  systems  [1-16].  It  should  be  noted, 
that  in  most  cases  the  experiments  with  AMF  are  usually  performed  on  the  background  of  the  static  Earth’s 
magnetic  field,  B DC ,  with  the  value  of  magnetic  induction  of  about  50  pT.  Correspondingly,  in  a  general  case  the 

term  EW  AMF  means,  that  one  is  using  the  combined  magnetic  field,  which  contains  both  static  and  exteremely 
weak  alternating  components.  This  circumstance  is  important  for  understanding  of  the  physical  mechanism  the  of 
influence  of  EW  AMF  on  biological  systems.  Nevertheless,  the  term  "  bioeffects  of  EW  AMF  "  is  often  used  for 
brevity  and  also  to  emphasize  the  specificity  of  the  mechanism  of  action  of  such  fields. 

It  is  necessary  to  note,  that  reports  on  the  bioeffects  of  AMF  with  the  amplitudes  higher  than  10  pT,  as  a 
rule,  do  not  cause  any  doubts.  At  the  same  time  some  authors  deny  even  a  mere  possibility  of  bioeffects  of  AMF 
with  the  amplitudes  less  than  10  pT.  Contrary  to  the  claims  denying  the  possible  existence  of  biological  effects  of 
low-frequency  magnetic  fields  with  the  amplitudes  <  2  pT  in  the  frame  of  traditional  physics  and  biology  [8,  17], 
there  is  a  considerable  number  of  experimental  evidence  confirming  this  kind  of  effects.  It  is  remarkable,  that  the 
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important  data  demonstrating  the  inhibiting  influence  of  sinusoidal  magnetic  field  ( BAC  =1.7  pT,  fA(  =  60  Hz)  on 

the  oncostatic  action  of  melatonin  in  a  culture  of  human  breast  cancer  cells  have  been  obtained  independently  by 
several  laboratories  [5,  6,  7,  14,  15]. 

Despite  of  a  certain,  although  quite  slow,  progress  in  the  experimental  proof  of  biological  efficiency  of 
some  types  of  EW  AMF,  there  is  still  no  clear  understanding  of  the  corresponding  mechanisms.  In  order  to 
develope  the  possible  theoretical  models  for  the  interaction  of  EW  AMF  with  biosystems  it  is  necessary  to  have 
the  thorough  experimental  data  on  the  dependence  of  bioeffect’ s  value  on  the  parameters  of  the  magnetic  field. 

We  have  shown  recently,  that  EW  AMF  with  the  values  of  amplitudes  in  the  microtesla,  nanotesla  and 
even  picotesla  range  substantially  influence  the  properties  of  biological  test-systems  prepared  from  animal  and 
plant  sourses  [18,  19].  In  particular,  such  fields  were  found  to  affect  the  rate  of  regeneration  in  planarians 
( Girardia  tigrina)  and  also  the  rate  of  gravitropic  response  in  the  stem  segments  of  flax  ( Linam  bienne ).  We  have 
found  that  the  maximal  and  minimal  values  of  the  bioeffects  were  observed  at  certain  (identical  for  the  different 
test-systems)  values  of  the  amplitude/frequency  -  ratio  of  the  AMF;  the  values  of  the  bioeffects  did  not  change 
with  a  simultaneous  proportional  change  of  the  amplitude  and  the  frequency  of  AMF. 

The  theoretical  analysis  of  the  obtained  experimental  data  has  shown,  that  in  the  range  of  frequencies  and 
amplitudes  used  in  our  experiments,  the  value  of  bioeffects  of  EW  AMF  strongly  depends  on  the  parameter 

yB ac  /  f  -  where  y  -  gyromagnetic  ratio  for  the  particular  type  of  magnetic  moment,  and  B  ic  -  and  fAc  ~ 

correspond  to  magnetic  induction  and  frequency  of  the  alternating  magnetic  component  [19].  We  have  shown, 
that  experimental  dependence  of  the  value  of  bioeffects  on  the  frequency  of  alternating  component  (in  a  range 
from  10  to  320  Hz)  at  constant  amplitude  (BAc  =1.6  pT)  may  be  approximated  by  a  theoretical  curve  with  y  = 
42.578  Hz/pT,  corresponding  to  the  gyromagnetic  ratio  of  the  nuclear  spins  of  hydrogen  atoms.  The  dependence 
of  bioeffect’s  value  on  yB AC  j  f  -  parameter  is  polyextremal:  well  expressed  maxima  are  observed  at  yB  4C  /  f  = 

0.9;  2.75  and  minor  maxima  -  at  yB 4C  /  f  =  4.5;  6.1.  The  bioeffects  are  absent  at  yB AC  /  f  =  1.8;  3.8;  5.3;  6.7 
[19]. 

In  order  to  estimate  the  biotropic  action  of  the  particular  exteremely  weak  power-frequency  magnetic 
field  (on  the  background  of  the  geomagnetic  field),  it  is  nessesary  to  obtain  the  dependence  of  the  bioeffect’ s 
value  on  the  amlitude  of  the  field  at  fixed  frequency.  Here  we  present  the  corresponding  experimental  data, 
indicating  that  at  rather  small  amplitudes  (0<  BAC  <10  pT  )  of  60  Hz  magnetic  field  the  maxima  and  minima  of  the 
corresponding  bioeffects  are  observed  at  exactly  the  same  values  of  the  yB  4C  j  f  -  parameter,  which  were  found 
earlier  [19]  in  the  frequency-  dependence  studies  (as  it  was  expected). 


2.  Experimental  section. 

2.1.  Magnetic  fields. 

The  exposure  of  the  test-systems  to  the  power  -  frequency  magnetic  field  (60  Hz)  with  the  value  of 
magnetic  induction,  B  ic  ,  was  carried  out  on  a  background  of  an  ambient  static  magnetic  field,  B DC  =  42.0  pT. 

The  alternating  (sinusoidal)  magnetic  field,  generated  with  the  use  of  Helmholtz  coils  (39  cm  in  diameter)  was 
oriented  co-linear  with  a  vector  of  the  Earth's  magnetic  field.  The  Helmholtz  coils  have  been  fed  by  standard 
signal  generators  G4-153  or  G6-28.  The  control  test-systems  were  exposed  to  the  static  Earth’s  magnetic  field.  The 
necessary  values  of  alternating  magnetic  field  were  established  taking  into  account  the  transmission  coefficient  for 
a  Helmholtz  coil,  equal  to  10  pT/lV. 

The  experiments  were  performed  using  EW  AMF  with  the  following  parameters: 
fAC  =  60  Hz;  0.1  pT  <  B AC  <  140  pT;  B DC=  42.0  pT. 

The  value  of  magnetic  induction  of  the  background  alternating  (50  Hz)  magnetic  field  at  the  position  of 
experimental  test-systems  inside  of  the  Helmholtz  coils  was  15  nT.  Experiments  were  conducted  at  room 
temperatures  of  about  20-22  °C. 
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2.2.  Test-systems. 


2.2.1.  Regnerating  planarians.  Preparation,  computer  morphometry,  data  analysis. 


The  flat  worms  (planarians  Girardia  tigrina),  asexual  laboratory  race  were  reared  in  pond  water  at  room 
temperature  and  were  fed  once  a  week  with  the  Diptera  larvae.  For  the  experiments  the  animals  of  about  7-8  mm 
in  length  were  selected.  The  feeding  of  the  selected  planarians  was  stopped  one  week  prior  to  the  start  of  the 
experiment.  The  head  portions  of  planarians  were  amputated  with  an  eye  scalpel  under  a  binocular  microscope: 
approximately  1/5  part  of  a  body  containing  head  ganglion  was  dessected.  Then  regenerants  were  placed  in  two 
glass  vessels  fdled  with  50  ml  of  pond  water  (30  regenerating  planarians  per  vessel). 

The  rate  of  regeneration  in  experimental  and  control  animals  was  estimated  with  the  use  of  computer 
morthometry  method,  based  on  of  photocontrast  between  old  (pigmented)  and  new  (transparent)  parts  of  a 
planarian’s  body. Each  planarian  has  been  photographed  with  the  use  of  binocular  microscope  and  videocamera  in 
3  days  after  amputation.  It  takes  about  30  minutes  to  get  photo  pictures  of  a  groop  of  30  animals.  The  video 
images  of  rgenerating  planarian  were  introduced  into  computer.  Using  the  special  program  for  image  analysis,  we 


determined  the  area,  S ,  of  whole  planarian  and  the  area,  S  ,  of  the  newly  formed  (transparent)  blastema  (Fig.l). 
The  results  of  these  measurements  were  used  in  calculations  of  the  regeneration  index,  R  =  s  /  S  ,  averaged  over 
30  planarians  in  control  and  experimental  animals.  The  values  of  the  EW  AMF  bioeffect  was  determined 
according  to  the  expression: 


A  R  (%) 


kxp-^0J±kxp  +  Scon  ) 


R 


-x  100%,  where  Aexp  and  8l 


-  standard  errors  of  the  average  values, 


obtained  for  the  experimental  and  control  animals. 


Figure  1.  The  scheme  of  measurements  of  the  planarian’s  regeneration  index;  s  -  the  area  of  newly  formed  tissue 
(blastema),  S  -  the  area  of  the  whole  body  of  planarian;  s/S  -  regeneration  index 

2.2.2.  Segments  of  flax  stems.  Preparation,  stimulation  of  gravitropic  bending,  data  analysis. 

Seedlings  of  flax  ( Linum  bieime)  were  grown  from  the  seeds  at  thermostat  at  26  °C  in  complete  darkness 
during  4  days.  In  4  days  the  stems  seedlings  were  about  3-4  cm  long.  The  apical  parts  (2.5  cm  in  length  of  stems) 
were  excised  and  the  leaves  were  removed  from  the  obtained  segments.  The  segments  were  placed  horizontally  in 
the  Petri  dishes  (90mm  in  diameter)  on  the  filter  paper  moistened  with  2  ml  of  distilled  water.  The  basal  ends  of 
the  segments  were  fixed  by  the  rings  cut  off  from  the  silicon  tube.  Two  dishes  (with  20  segments  per  dish)  were 
exposed  to  magnetic  field  and  two  dishes  were  used  as  a  control.  The  gravitropic  upward  bending  in  segments 
begins  in  about  30  min  after  placing  them  in  horizontal  position  and  in  about  3  hours  the  apical  ends  of  segments 
attain  the  vertical  positions  with  the  tips  directed  against  the  gravity  force  vector.  The  value  of  the  gravitropic 
bending  in  segments  was  defined  as  an  averaged  (over  the  number  of  40  segments)  angle  formed  between  the 
apical  end  of  a  segment  and  the  horizontal  plane,  OC  +  8 ,  where  8  -standard  deviation  of  the  mean  (Fig.  2). 

The  measurements  were  performed  with  a  protractor  in  2  hours  after  beginning  of  the  experiment.  The 
collection  of  data  on  bending  angles  for  20  segments  in  one  dish  takes  3-4  minutes.  All  experiments  were 
performed  at  25  ±  0.5  °C. 
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The  value  of  the  bioeffect  induced  by  60  Hz  magnetic  field  was  expressed  as  the  relative  difference 
between  the  average  angle  of  bending  in  the  experiment,  <2exp ,  and  in  the  control,  acon  ,  according  to  the 


equation: 


(«exp  ~  acon  )±  fcp  +  S con  ) 


- 1 00%  ,  where  ^exp  and  8 1 


-  standard  errors  of  the  means. 


Figure  2.  The  scheme  of  measurements  of  the  gravitropic  bending  angle  in  a  segment  of  flax  stem. 
3.  Results  and  discussion. 


Earlier  we  have  shown,  that  the  value  of  bioeffects,  /.  induced  by  EW  AMF  can  be  described  by  the 
expression: 

I  =  kJl  (yBAC  //)  x  [J  ,  {yBAC If)  -  J  0  (yBAC  //)]  (1), 

where  k  -  constant,  yB AC  j  f  -  argument  of  Bessel’s  functions,  y=  42.578  Hz/pT  -  gyromagnetic  ratio  of  the 


nuclear  spin  of  hydrogen  atom,  B  4C  and  f  AC  -  magnetic  induction  and  a  frequency  of  an  alternating  component 

of  the  EW  AMF  [19].  As  it  may  be  seen  (Fig.  3  and  Fig.  4),  the  expression  (1)  reasonably  well  approximates  the 
experimentally  observed  dependence  of  bioeffects  on  the  amplitude  of  the  60  Hz  magnetic  field:  the  maximal 
values  of  bioeffects  (i.e.  activation  of  the  rate  of  regeneration  in  planarians  and  activation  of  the  gravitropic 
bending  in  the  stem  segments  of  flax)  appear  at  the  values  of  yB AC  /  f  equal  to  0.9  and  2.75,  while  at  yB AC  /  f 

equal  to  1.8  and  3.8  the  effect  of  the  field  is  absent.  These  results  confirm  our  earlier  conclusion,  according  to 
which  the  nuclear  spins  of  hydrogen  atoms  are  the  primary  targets  in  the  the  interaction  of  EW  AMF  with 
biosystems  [19].  It  should  be  noticed,  that  according  to  expression  (1)  at  standart  experimental  conditions  the 
value  of  bioeffects  of  EW  AMF  for  the  particular  type  of  magnetic  moment  is  completely  defined  by  the 
amplitude/ frequency  -  ratio  of  the  alternating  component  and  practically  does  not  depend  on  the  exact  value  of  a 
static  magnetic  field. 

An  increase  of  the  amplitude  of  the  60  Hz  magnetic  field  up  to  8-10  pT  is  accompanied  by  a  change  in  a 
sign  of  the  bioeffect  -  activation  of  planarian’s  regeneration  is  replaced  by  its  inhibition.  In  Fig.  3  we  have  given 
only  one  experimental  point.  In  fact,  the  inhibition  of  regeneration,  characterized  by  a  decrease  in  the  regeneration 
index,  s/S,  by  20-30  %  was  observed  with  an  increase  of  the  amplitude  in  the  range  from  10  pT  to  at  least  140  pT. 
Apparently  a  change  of  a  sign  of  effect  is  caused  by  the  induction  of  eddy  currents  in  the  vessels  with  planarians  at 
relatively  high  amplitudes  of  the  60  Hz  magnetic  field. 

It  seems  quite  instructive  to  compare  the  results  and  conclusions  represented  in  this  paper  with  those  of 
another  study  devoted  to  the  influence  of  sinusoidal  60  Hz  magnetic  fields  with  amplitude  ranging  from  1  pT  to  20 
pT  on  the  enzymatic  activity  of  ornithine  decarboxylase  (ODC)  in  cultured  fibroblast  cells,  exposed  to  the  field 
during  4  hours  [20].  The  authors  came  to  the  following  conclusions:  1)  the  enchancement  of  ODC  activity  induced 
by  exposure  of  culture  cells  to  a  60  Hz  magnetic  field  suggested  a  sigmoidal  relationship  to  magnetic  field 
amplitude;  an  approximate  doubling  of  the  ODC  activity  was  observed  at  field  amplitude  of  7  pT  or  higher;  2)  the 
observed  bioeffects  are  caused  by  the  induced  electric  fields  in  a  test-system,  which  is  a  function  of  the  orientation 
of  the  magnetic  field  relative  to  the  exposed  sample,  and  the  geometry  and  electrical  properties  of  the  sample; 
therefore,  the  threshold  amplitude  -  value  of  the  60  Hz  magnetic  field  may  substantially  differ  for  the  different  test- 
systems. 
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Figure  3.  The  dependence  of  the  rate  of  planarian  regeneration  on  value  of  yB  4C  /  f  -  parameter. 

The  solid  curve  represents  theoretically  expected  dependence.  The  parameters  of  combined  magnetic  field: 
Bdc=  42  pT,  fAC  =  60  Hz B AC  =  0.7;  1.3;  2.1;  2.5;  3.9;  5.4;  6.3;  7.4;  8.6;  9.8  pT  corresponding  to  yB AC /  f  = 
0.5;  0.9;  1.5;  1.8;  2.75;  3.8;  4.5;  5.3;  6.1;  7.0. 


Figure  4.  The  dependence  of  the  value  of  gravitropic  bending  in  the  segments  of  flax  stem  on  value  yB  4C  j  f  - 
parameter.  The  solid  curve  represents  theoretically  expected  dependence.  The  parameters  of  the  combined  magnetic 
field:  Bdc=  42  pT,  fAC  =  60  WtB iC  =  1.3;  2.5;  3.9;  5.4  pT  corresponding  to  the  values  yB 4C  jf  =  0.9;  1.8;  2.75; 
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As  it  can  be  seen,  the  experimental  results  and  conclusions  presented  by  Mullins  et  al.  [20]  seem  to  be 
drastically  different  from  those  obtained  in  this  paper.  However,  it  is  nesessary  to  point  out  that  the  experimental 
results  published  by  Mullins  et  al.  [20]  and  by  some  other  groops  [6,  7,  14,  15]  were  obtained  with  the  use  of  p  - 
metal  shielded  Helmholtz  coil  pairs,  so  that  the  amplitude  of  a  residual  static  Earth’s  magnetic  field  at  the  location 
of  the  test-systems  was  not  exceeding  0. 1-0.2  pT.  It  means  that  in  these  studies  the  test-systems  were  exposed  to 
very  weak  sinusoidal  60  Hz  magnetic  field  in  the  practical  absence  of  a  static  magnetic  field.  It  is  known,  the 
effects  of  AMF  in  the  presence  and  in  the  absence  of  a  static  magnetic  component  may  be  essentially  different  [21, 
22].  Obviously,  in  the  real  environment  and  work  places  both  EW  AMF  and  geomagnetic  static  field  are  pesent. 
Therefore,  the  experimental  data  obtained  with  a  shielded  Earth’s  magnetic  field  do  not  seem  to  be  directly  related 
to  the  effects  of  power  -  frequency  magnetic  fields,  which  may  occur  at  real  environmental  conditions. 

4.  Conclusions. 

The  experimental  results  presented  in  this  paper  and  earlier  [18,  19]  show,  that  the  combined  magnetic 
fields  with  the  extremely  weak  amplitudes  of  the  alternating  component  are  capable  to  influence  substantially  the 
properties  of  biological  test-systems  derived  from  the  animal’s  and  plant’s  sourses  (regenerating  planarians  and 
gravitropically  responding  stems  of  flax).  Our  data  clearly  show  that  the  dependence  of  biological  effects  on  the 
amplitude  of  the  60  Hz  magnetic  field  ranging  from  0.5  to  8  pT  is  polyextremal.  In  particular,  the  maxima  of 
effects  is  observed  at  BAC  =1.3  and  3.9  pT,  while  at  BAC  =  2.5  and  5.4  pT  the  value  of  bioeffects  are  close  to  zero. 
The  experimental  points  can  be  reasonably  well  approximated  by  the  theoretical  expression,  which  we  obtained 
earlier  [19].  These  results  confirm  our  earlier  conclusion,  according  to  which  the  nuclear  spins  of  hydrogen  atoms 
are  the  primary  targets  in  the  the  interaction  of  some  types  of  EW  AMF  with  biosystems.  At  the  values  of  BAc  >8- 
10  pT  the  bioeffect  changes  its  sign  -  in  particular  an  activation  of  planarian’s  regeneration  starts  to  be  replaced 
by  its  inhibition.  The  inhibition  takes  place  for  the  range  of  the  amplitudes  from  10  to  140  pT.  The  change  in  the 
sign  of  the  effect  may  appear  due  to  the  prevalence  of  the  effect  caused  by  the  induction  of  the  alternating  currents 
in  the  test-system  at  relatively  high  BAc  -  amplitudes.  These  results  allow  to  clarify  the  interaction  mechanism  of 
the  weak  power-frequency  magnetic  fields  with  biosystems  and  provide  the  basis  for  planning  of  the 
epidemiological  studies  and  interpretation  of  the  corresponding  results. 
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Abstract 

The  possibility  of  a  greater  risk  of  childhood  leukaemia  due  to  magnetic  fields  caused  by  overhead 
power  lines  is  currently  a  matter  of  scientific  and  public  debate.  However,  a  causal  relationship  has  not 
been  proven  and  it  is  not  obvious  whether  the  magnetic  fields  are  the  cause.  In  October  2005  the  Dutch 
government  issued  a  power-line  policy  based  on  the  precautionary  principle  aimed  at  avoiding  new 
situations  in  which  children  undergo  prolonged  exposure  to  magnetic  fields  exceeding  0.4  microtesla. 
For  this  purpose,  a  0.4  microtesla  magnetic  field  zone  in  the  vicinity  of  overhead  power  lines  would 
have  to  be  established.  However,  defining  such  a  zone  is  complicated,  firstly,  because  the  width  of  the 
zone  varies  continuously  with  the  actual  line  load  and,  secondly,  because  the  width  of  the  magnetic 
field  zone  should  account  for  future  growth  in  the  use  of  electricity. 

The  Ministry  of  Housing,  Spatial  Planning  and  the  Environment  has  succeeded,  nevertheless,  in 
developing  magnetic  field  zoning  in  consultation  with  the  grid  companies.  This  paper  describes  the 
choices  made  in  establishing  the  0.4  microtesla  zone.  The  approach  used  has  led  to  a  guideline  for 
calculating  the  width  of  the  0.4  microtesla  zone.  The  calculations  are  based  on  a  line  load  equivalent  to 
a  fixed  fraction  of  the  maximum  allowable  line  load,  where  the  fixed  fraction  is  deduced  from  an 
analysis  of  the  line  loads  during  2003. 

Introduction 

Modern  society  benefits  greatly  from  electricity,  but  generation,  transport  and  use  of  electricity  create 
electric  and  magnetic  fields  with  extremely  low  frequencies  (ELF-fields).  In  1979  Wertheimer  and 
Leeper  [1]  demonstrated  an  increased  cancer  risk  for  children  living  near  electric  wiring  configurations. 
Since  then  the  adverse  health  effects  possibly  induced  by  ELF-fields  have  been  a  matter  of  scientific 
and  social  debate.  The  scientific  investigations  focused  on  the  possibility  of  an  increased  risk  for 
childhood  leukaemia  associated  with  transport  and  distribution  of  electricity.  Initially,  not  all  studies 
met  solid  scientific  standards  and  the  scientific  evidence  was  inconclusive  and  contradictory,  but  over 
the  years  the  number  and  quality  of  the  investigations  improved.  From  the  aggregate  of  the 
epidemiological  evidence  in  the  year  2000,  the  Health  Council  of  the  Netherlands  -  an  advisory  council 
to  the  Dutch  government  -  inferred  a  consistent  statistical  association  between  the  occurrence  of 
childhood  leukaemia  and  living  near  overhead  power  lines,  although  a  causal  relationship  between 
childhood  leukaemia  and  ELF-fields  could  not  be  proven  [2].  Two  pooled  analyses  published  in  2000 
(Ahlbom  et  al.  [3]  and  Greenland  et  al.  [4])  support  the  statistical  association  between  childhood 
leukaemia  and  exposure  to  ELF  magnetic  fields.  From  these  pooled  analyses  the  Netherlands  National 
Institute  for  Public  Health  and  the  Environment  (RIVM)  concluded  that  there  is  a  possibly  elevated  risk 
of  childhood  leukaemia  at  magnetic  field  strengths  above  a  value  somewhere  between  0.2  and  0.5 
microtesla  [5].  On  the  assumption  of  a  causal  relationship  between  exposure  to  magnetic  fields  and 
development  of  childhood  leukaemia,  which  is  not  proven,  and  the  relative  risks  observed  by  both 
Ahlbom  and  Greenland,  RIVM  calculated  the  number  of  additional  cases  of  childhood  leukaemia  due 
to  overhead  power  lines  [6].  In  the  Netherlands,  with  a  childhood  leukaemia  incidence  of  110  new 
cases  every  year,  approximately  0.5  cases  may  be  attributable  to  the  magnetic  fields  due  to  overhead 
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power  lines.  In  2002  the  International  Agency  on  the  Research  of  Cancer  (IARC),  which  is  related  to 
the  World  Health  Organisation,  also  concluded  a  consistent  statistical  association  between  ELF 
magnetic  fields  and  childhood  leukaemia,  and  designated  the  ELF  magnetic  fields  as  ‘possibly 
carcinogenic  to  humans’  [7].  A  recent  investigation  yielded  a  statistical  association  between  childhood 
leukaemia  and  living  in  the  vicinity  of  overhead  power  lines  in  Great  Britain  [8]. 

Because  of  the  public  concern  and  the  inconclusive  scientific  evidence  the  Dutch  government 
indicated,  in  the  Fourth  National  Environmental  Policy  Plan  (NMP4),  that  the  present  evidence  formed 
sufficient  reason  for  further  research  and  for  taking  appropriate  precautionary  measures  in  relation  to 
social  costs  and  benefits  [9].  Studies  were  started  into  the  actual  number  of  dwellings  in  the  vicinity  of 
the  overhead  power  lines  [10],  into  the  expected  rise  in  the  number  of  ‘exposed’  dwellings  during  the 
next  25  years  due  to  realisation  of  plans  for  new  dwellings  [11,  12]  and  into  the  costs  of  the  reduction 
of  magnetic  field  strengths  [13]. 

Finally,  in  2004  the  State  Secretary  of  Housing,  Spatial  Planning  and  the  Environment, 
P.L.B.A.  van  Geel,  stated  his  policy  aim  with  respect  to  overhead  power  lines  in  the  policy  document 
‘Nuchter  omgaan  met  risico’s’  1  [14].  The  objective  of  this  policy  is  to  prevent  the  development  of  new 
situations  in  which  children  are  exposed  to  magnetic  fields  near  overhead  power  lines  whenever 
possible.  The  policy  to  achieve  this  goal  was  designed  in  consultation  with  stakeholders 
(municipalities,  provinces,  grid  companies).  On  October  3,  2005  this  policy  was  issued  in  a  policy 
letter  [15].  The  policy  letter  is  addressed  to  stakeholders  with  ‘recommendations  with  regard  to 
overhead  high-voltage  power  lines’. 

Overhead  power  lines 

In  the  Netherlands  overhead  high-voltage  power  lines  have  five  voltage  levels:  380,  220,  150,  110  and 
50  kilovolts  (kV).  Occasionally  circuits  of  different  voltages  are  attached  to  the  same  pylon,  the  so- 
called  combi-lines  (380  and  220  kV  circuits,  380  and  110  kV  circuits,  220  and  110  kV  circuits).  In  the 
framework  of  a  previous  study  [10]  the  Dutch  network  of  overhead  power  lines  was  digitised  from 
topographic  maps  (1:25,000)  by  KEMA  (a  technical  consultancy  with  expertise  in  the  energy  sector). 
The  map  of  the  high-voltage  power  grid  in  the  Netherlands  is  depicted  in  Figure  1. 

The  total  length  of  overhead  high-voltage  power  lines  amounts  to  nearly  4000  km  (Table  1).  The 
regional  grid  of  150  kV  has  the  highest  share  in  this  total,  approximately  45%. 


Table  1  Summary’  of  the  overhead  power  lines  in  the  Netherlands 


voltage  level  (kV) 

total  line  length  (km) 

50 

164 

110 

778 

150 

1781 

220 

249 

380 

840 

combi 

159 

total 

3971 

1  English  translation:  Coping  Rationally  with  Risks 
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Figure  1 
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Overhead  power  lines  in  the  Netherlands  (2002) 


Children  living  near  overhead  power  lines 

As  a  first  step  to  calculating  the  number  of  children  living  in  the  vicinity  of  overhead  power  lines 
RIVM  analysed  the  number  of  dwellings  close  to  overhead  power  lines  [11,  12].  A  total  number  of 
45,000  dwellings  are  located  within  100  m  (on  both  sides)  of  the  overhead  power  lines.  About  23,000 
dwellings  are  situated  within  the  0.4  microtesla  zone. 

The  average  Dutch  dwelling  is  inhabited  by  2.6  persons,  including  0.49  children  aged  0-15  years  [6]. 
As  a  result  the  number  of  children  living  within  the  0.4  microtesla  zone  is  estimated  at  1 1,000. 

For  the  next  25  years  800,000  new  dwellings  have  been  planned  for  the  Netherlands.  In  a  ‘business-as- 
usuaf  scenario  10,000  of  these  dwellings  will  be  built  within  the  0.4  microtesla  zone.  Consequently  the 
number  of  children  living  within  this  zone  may  increase  by  5,000  over  the  next  25  years. 


Outline  of  the  Dutch  power  line  policy 

Legal  status 

The  Dutch  power  line  policy  was  sent  on  October  3,  2005  as  a  policy  letter  by  the  State  Secretary.  The 
policy  letter  is  addressed  to  stakeholders  (municipalities,  provinces,  grid  companies)  with 
‘recommendations  with  regard  to  overhead  high-voltage  power  lines’.  Stakeholders  are  advised  to  act 
in  accordance  with  this  advice  whenever  this  is  reasonably  possible,  but  the  recommendations  have  no 
force  of  law.  As  a  consequence  stakeholders  have  no  obligation  to  act  according  to  the  proposed  policy. 
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New  situations  versus  old  situations 

The  Dutch  power  line  policy  is  based  on  the  observed  statistical  association  between  ELF  magnetic 
fields  and  childhood  leukaemia  and  the  social  concern  on  possible  health  effects,  and  follows  the 
precautionary  principle.  The  State  Secretary  has  limited  his  policy  to  new  situations,  because  the  effects 
on  health  are  unclear  and  because  measures  in  existing  situations  often  have  substantial  social 
consequences,  and  are  expensive.  In  new  situations  prevention  is  possible  at  lower  costs.  With  regard  to 
the  power  line  policy  there  are  two  types  of  ‘new  situations’: 

new  spatial  plans  (or  changes  in  existing  ones)  in  the  vicinity  of  an  existing  overhead 
power  line 

new  overhead  power  lines  (or  changes  in  existing  ones)  in  the  vicinity  of  existing 
buildings 

Sensitive  designated  uses 

The  statistical  association  between  ELF  magnetic  fields  and  childhood  leukaemia  is  observed  in 
children  living  near  overhead  power  lines.  As  a  precaution  the  Dutch  power  line  policy  is  not  restricted 
to  dwellings  only.  Some  other  places  where  children  may  undergo  long-term  exposure  to  the  ELF 
magnetic  field  are  indicated  as  ‘sensitive  uses’.  The  Dutch  policy  defines  dwellings,  schools,  creches 
and  day-care  centres  as  sensitive  uses.  The  restrictions  formulated  in  the  Dutch  overhead  power  line 
policy  only  apply  to  these  sensitive  uses.  Other  locations  where  children  spend  shorter  periods  in 
comparison  to  how  long  they  spend  at  home,  like  sports  centres,  playgrounds,  swimming  pools  etc.  are 
not  indicated  as  sensitive  use.  The  Dutch  policy  does  not  apply  to  these  locations.  The  purpose  of  the 
policy  is  to  prevent  the  realisation  of  new  sensitive  uses  within  the  magnetic  field  zone. 

Magnetic  field  zones 

Specific  zone 

In  an  Annex  to  the  recommendations  by  the  State  Secretary  the  magnetic  field  zone  is  characterised  as 
being: 

...  the  area  which  extends  along  both  sides  of  the  overhead  high-voltage  power  line  and  within  which 
the  magnetic  field  is,  on  average  over  a  year,  higher  than  0.4  microtesla  or  can  become  so  in  the 
future. 

This  magnetic  field  zone  is  referred  to  as  ‘specific  zone’.  The  value  of  0.4  microtesla  is  a  somewhat 
arbitrary  choice  in  the  range  of  0.2  -  0.5  microtesla,  the  range  where  the  childhood  leukaemia  risk 
possibly  begins  to  be  elevated  [5].  The  value  of  0.4  was  firstly  mentioned  with  respect  to  overhead 
power  lines  in  a  letter  from  the  former  Minister  of  Housing,  Spatial  Planning  and  the  Environment, 
J.P.  Pronk,  in  2001  [16].  The  value  of  0.4  microtesla  was  advocated  by  the  Ministry  and  acceptable  to 
the  grid  companies.  The  specific  zone  is  calculated  at  a  given  location  with  the  actual  parameters 
(representative  line  load,  pylon  type,  number  of  circuits,  phase  conductor  geometry  and  earthing)  for 
the  specific  section  of  the  power  line.  RIVM  has  developed  ‘Guidelines  for  the  calculation  of  the 
specific  0.4  microtesla  zone  in  the  vicinity  of  overhead  high-voltage  power  lines’. 

At  the  launching  of  the  Dutch  power  line  policy  in  2005  no  specific  zones  were  known.  To  facilitate 
municipalities  in  the  implementation  of  the  policy  the  indicative  zone  was  introduced  in  addition  to  the 
specific  zone. 

Indicative  zone 

Prior  to  the  launching  of  the  power  line  policy  the  indicative  zone  was  established  for  all  overhead 
power  lines  in  the  Netherlands  [17].  The  indicative  zone  is  meant  as  an  indication  of  the  width  of  the 
specific  0.4  microtesla  zone.  In  establishing  the  indicative  zone,  typical  parameters  for  power  lines  at  a 
given  high-voltage  level  were  used.  Based  on  these  typical  parameters,  zone  widths  were  calculated  for 
all  power  lines  with  the  same  voltage  level.  The  90th  percentile  of  these  zone  widths  was  chosen  as  the 
indicative  zone  for  that  voltage  level.  Table  2  gives  the  values  calculated  for  the  indicative  zone  widths. 
The  width  of  the  indicative  zone  is  not  location-specific.  Because  the  choice  for  the  90th  percentile  and 
due  to  the  fact  that  for  some  of  the  parameters  the  ‘worst-case’  value  was  chosen,  the  specific  zone  is 
expected  to  be  smaller  than  the  indicative  zone  in  most  cases. 
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Table  2  Indicative  0.4  microtesla  zone  widths  used  in  the  Dutch  power  line  policy:  zone  widths  are 
rounded  off  to  the  nearest  multiple  of five 


voltage  level  (kV) 

zone  width  (m) 

50 

2x40 

110 

2x50 

150 

2x80 

220 

2x  150 

380 

2x  125 

combi 

2  x  200 

TenneT,  the  operator  of  the  national  grid  of  220  kV  and  380  kV  lines,  was  not  satisfied  with  the 
established  indicative  zone  in  [17],  because  it  gave  only  a  rough  indication  of  the  specific  zone. 
Consequently,  TenneT  recalculated  the  magnetic  field  zones  for  all  220  kV  and  380  kV  power  lines. 
For  line  load,  number  of  circuits,  phase  conductor  geometry  and  earthing,  TenneT  used  power  line 
specific  values  in  the  calculation.  One  type  of  pylon  was  chosen  for  the  entire  power  line.  The  zone 
from  this  recalculation  is  referred  to  as  the  ‘improved  indicative  zone’. 

The  indicative  (or  the  improved  indicative)  zone  is  used  as  a  first  check  for  a  new  spatial  plan.  If  the 
plan  does  not  overlap  the  indicative  zone,  the  power  line  policy  has  no  further  consequences  for  the 
planning  procedure.  If  the  new  spatial  plan  and  the  indicative  zone  overlap,  it  is  advised  to  calculate  the 
specific  zone. 

As  a  service  to  municipalities  and  provinces  the  indicative  zone  for  every  power  line  is  given  on  a 
clickable  Gridmap.  This  Gridmap  is  part  of  an  internet  site  [18],  developed  by  RIVM,  to  support 
implementation  of  the  power  line  policy. 

Establishing  the  specific  zone 

The  definition  of  the  specific  zone  is  the  result  of  a  series  of  discussions  between  the  Ministry  and  the 
grid  companies.  The  discussions  focused  on  two  aspects  of  the  calculation  of  the  specific  zone.  The 
first  problem  to  tackle  was  establishing  which  load  of  the  power  line  best  accounted  for  the  actual  line 
loads  and  for  the  expected  future  growth  in  electricity  use.  The  second  topic  was  how  to  average  the 
magnetic  field  over  time. 

Estimating  power  line  load 

Power  line  loads  during  2003 

As  a  first  step  to  estimating  the  line  loads  RIVM  analysed  the  load  of  the  power  lines  during  the  year 
2003.  Because  not  enough  detailed  information  is  available  for  the  regional  grid  (150  kV,  110  kV, 
50  kV)  analyses  had  to  be  restricted  to  the  220  kV  and  380  kV  lines.  The  grid  operator  (TenneT)  kindly 
provided  RIVM  with  measurements  of  the  5-minute  averaged  current  flowing  through  the  circuits 
during  2003.  Line  loads  vary  over  the  day,  over  the  days  of  the  week  and  during  the  seasons.  Figure  2 
shows  the  variation  of  the  line  load  over  the  day  and  Figure  3  over  the  year  for  a  typical  380  kV  power 
line.  As  the  current  through  the  power  line  changes  the  width  of  the  actual  0.4  microtesla  zone  will 
change  too.  Figure  4  shows  the  variations  of  the  distance  of  the  0.4  microtesla  contour  to  the  heart  of 
this  typical  power  line. 
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time  (hours) 

Figure  2  Line  load  (two-hourly  averaged  current)  of  a  typical  380  kV  circuit  on  a  typical  day 
(July  7,  2003) 


days  after  January  1, 2003 

Figure  3  Line  load  (daily  averaged  current)  of  a  typical  380  kV  circuit  during  2003 
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Figure  4  Variation  of  the  zone  width  for  a  typical  380  kV  power  line  over  the  year  2003;  the 

distance  of  the  0.4  microtesla  contour  to  the  heart  of  the  power  line  was  calculated  based 
on  the  daily  averaged  current 
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Estimating  the  representative  current 

A  last,  but  crucial  step,  is  to  estimate  the  current  used  for  the  calculations  of  the  magnetic  field  zone.  In 
principle  the  actual  yearly  averaged  current  over  the  year  2003  could  be  used  in  this  calculation  for 
every  power  line.  However,  this  approach  does  not  account  for  the  growing  use  of  electricity,  and  the 
heavier  line  loads  for  the  power  lines  expected  in  the  coming  decades.  Calculating  the  width  of  the 
0.4  microtesla  zone  on  basis  of  the  2003  line  load  data  would  underestimate  the  width  of  the  zone  in  the 
near  future.  Accounting  for  this  growing  use  of  electricity  is  one  of  the  explicit  requirements,  as  can  be 
judged  from  the  wording  ‘can  become  so  in  the  future’  added  to  the  definition  of  the  specific  zone.  In 
fact  most  power  lines  in  the  Netherlands  are  designed  for  heavier  line  loads  than  observed  in  2003,  and 
are  likely  to  get  loaded  more  heavily  in  the  near  future.  All  power  lines  have  been  designed  for  a 
maximum  allowable  line  load,  the  so-called  ‘maximum  design  load’.  This  maximum  design  load  is 
mainly  determined  by  the  cross-section  of  the  conductors,  the  material  (aluminium,  copper)  of  the 
conductors,  the  surface  treatment  of  the  conductors,  the  ambient  temperature  and  the  wind  speed.  The 
maximum  design  load  for  a  power  line  sets  an  absolute  maximum  to  the  width  of  the  0.4  microtesla 
zone.  However,  deriving  the  0.4  microtesla  zone  directly  from  this  maximum  design  load  places  a 
strain  on  the  available  land.  Moreover,  from  the  viewpoint  of  operational  safety  the  maximum 
allowable  yearly  averaged  load  must  be  below  the  maximum  design  load. 

To  get  an  insight  into  the  relationship  between  the  yearly  averaged  load  and  the  maximum  design  load 
the  Toad  fraction’,  defined  as  the  yearly  averaged  line  load  divided  by  the  maximum  design  load,  was 
calculated  for  the  year  2003.  Load  fractions  for  the  220  kV  and  380  kV  lines  are  plotted  in  Figure  5. 


1  6  11  16  21  26  31  36  41  46  51  56  61 

circuit  number 

Figure  5  Relative  load  of  all  380  kV  and  220  kV  power  lines:  the  load  fraction  is  defined  as  the 

yearly  averaged  load  (over  2003)  divided  by  the  maximum  design  load 

From  Figure  5  it  is  evident  that  in  2003  these  power  lines  were  not  heavily  loaded.  Averaged  over  all 
the  220  kV  and  380  kV  circuits  the  relative  load  is  0.17,  and  90%  of  the  circuits  have  a  load  fraction 
below  0.3.  Based  on  this  analysis  the  grid  companies  and  the  Ministry  agreed  to  use  a  fraction  of  30% 
of  the  maximum  design  load  for  the  220  kV  and  380  kV  power  lines  as  yearly  averaged  load  for  the 
calculation  of  the  specific  0.4  microtesla  zone.  For  most  power  lines  a  load  fraction  of  30%  will  not  be 
reached  in  the  near  future,  and  the  calculated  specific  zone  will  maintain  its  validity  during  the  next 
decades. 

For  the  regional  power  lines  (150  kV,  110  kV,  50  kV)  a  similar  analysis  could  not  be  done  because  of 
the  lack  of  sufficient  data.  For  these  lines  a  load  fraction  of  50%  of  the  maximum  design  load  was 
chosen  as  a  ‘worst  case’  estimate. 

Time  averaging  the  magnetic  field 

The  epidemiological  studies  showing  an  association  between  the  magnetic  field  and  an  increased  risk 
for  childhood  leukaemia  relate  the  leukaemia  risk  to  magnetic  field  strength  averaged  over  relatively 
long  periods  of  time  [3,  4].  Most  studies  measure  the  magnetic  field  in  the  dwelling,  typically  over  a 
period  of  24  hours.  Other  studies  calculate  the  magnetic  field  in  the  dwelling,  based  on  the  yearly 
averaged  current.  From  Figure  4,  it  can  be  concluded  that  averaging  over  a  relatively  short  period  may 
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lead  to  erroneous  and  divergent  values  for  the  magnetic  field  zone.  For  instance,  averaging  over  a 
twenty-four-hour  period  in  the  beginning  of  January  would  result  in  a  full  zone  width  of  2  x  50  metres, 
whereas  averaging  over  the  same  period  in  the  beginning  of  November  would  yield  a  full  zone  width  of 
2  x  160  metres.  In  view  of  the  epidemiological  studies  and  the  strong  variation  of  the  line  load  and  zone 
width  over  the  year  the  Ministry  decided  to  base  the  power  line  policy  on  the  yearly  averaged  magnetic 
field. 

For  practical  purposes  in  calculating  the  width  of  the  0.4  microtesla  zone,  the  yearly  averaged  current 
through  the  power  line  is  estimated  and  with  this  current  the  width  of  the  specific  zone  is  calculated 
with  one  of  the  available  software  packages.  For  this  calculation  commercially-available  software 
packages  may  be  used.  Although  no  comparative  research  into  these  software  packages  has  been 
carried  out  yet,  the  packages  used  in  the  Netherlands2  are  regarded  to  yield  equivalent  results. 

Comparison  with  the  Swiss  situation 

In  Switzerland  precautionary  emission  limitations,  so-called  installation-limit  values  must  be  respected 
at  places  of  sensitive  use.  For  high-voltage  power  lines  the  installation  limit  value  is  1  microtesla  at  the 
maximum  rated  current  for  the  power  line.  In  practical  terms  the  0.4  microtesla  zone  calculated  at  30% 
of  the  maximum  load  (380  kV,  220  kV)  or  at  50%  of  the  maximum  load  (150  kV,  110  kV,  50  kV) 
according  to  the  Dutch  guidelines  leads  to  widths  for  the  magnetic  field  zone  that  are  nearly  the  same. 
For  a  typical  380  kV  power  line  the  ‘Swiss’  1  microtesla  zone  is  2  x  77  metres,  whereas  the  ‘Dutch’  0.4 
microtesla  is  2  x  70  metres.  For  a  typical  150  kV  the  ‘Swiss’l  microtesla  zone  is  2  x  57  metres  and  the 
‘Dutch’  0.4  microtesla  zone  2  x  65  metres.  Starting  from  quite  different  viewpoints  the  Dutch  and  the 
Swiss  policies  lead  to  comparable  magnetic-field  zoning.  Apart  from  this  similarity  there  are  a  number 
of  differences  between  the  Swiss  and  the  Dutch  policies.  The  most  striking  are: 

the  Swiss  installation  limit  values  have  power  of  law  and  must  be  respected3,  whereas  the 
Dutch  policy  only  advises  stakeholders  to  abandon  certain  activities  in  the  0.4  microtesla 
zone; 

the  Dutch  policy  only  applies  to  overhead  power  lines  as  sources  of  magnetic  fields;  in 
Switzerland  the  installation  limit  value  of  1  microtesla  also  applies  to  magnetic  fields 
generated  by  transformer  stations,  substations  and  switchyards;  and 
the  Swiss  policy  applies  to  a  larger  number  of  sensitive  uses;  in  the  Netherlands  only 
dwellings,  schools,  creches  and  day-care  centres  are  designated  as  sensitive  uses.  The 
Swiss  list  of  ‘places  of  sensitive  use’  encompasses  dwellings,  schools,  hospitals, 
playgrounds  and  permanent  workplaces. 

Discussion 

Several  European  countries  are  considering  a  precautionary  policy  for  overhead  power  lines.  The  basis 
for  such  a  policy  is  the  observed  statistical  association  between  childhood  leukaemia  and  living  near 
overhead  power  lines.  The  epidemiological  studies  suggest  that  the  association  holds  for  childhood 
leukaemia  and  long-term  exposure  to  magnetic  fields,  although  a  causal  relationship  between 
leukaemia  and  magnetic  fields  has  not  been  proven.  According  to  the  epidemiological  data,  a  possibly 
elevated  risk  is  observed  at  magnetic  field  strengths  above  a  value  somewhere  between  0.2  and 
0.5  microtesla.  The  Ministry  of  developed  a  precautionary  power  line  policy.  This  policy  is  founded  on 
a  0.4  microtesla  zone,  the  value  of  0.4  microtesla  being  a  somewhat  arbitrary  choice  within  this  0.2  - 
0.5  range.  This  value  of  0.4  microtesla  is  often  compared  to  the  exposure  limit  of  100  microtesla  for 
50  Hz  recommended  by  the  European  Union  [19].  But  in  fact  these  two  magnetic-field  strengths  are 
incommensurable.  The  recommendations  of  the  European  Union  are  derived  from  the  International 
Commission  on  Non-Ionizing  Radiation  Protection  and  based  on  well-established  short-term  effects. 


2  In  the  Netherlands  magnetic  field  calculations  are  based  on  EFC-400  (Program  package  developed  by 
Forschungsgesellschaft  fur  Energie  und  Umwelttechnologie:  FGEU,  GmbH,  Berlin,  Germany), 
CDEGS  (Current  Distribution,  Electromagnetic  Fields,  Grounding  and  Soil  Structure  Analysis 
Program  package  developed  by  Safe  Engineering  Services  &  technologies  ltd.,  Quebec,  Canada)  and 
ATP  (Alternative  Transient  Program  European  EMTP-ATP  Users  Group  (EEUG),  Osnabriick, 
Germany).  These  software  packages  cannot  directly  calculate  the  width  of  the  0.4  microtesla  zone, 
but  calculate  profiles  for  the  magnetic  field  as  a  function  of  distance  to  the  heart  of  the  power  line.  To 
calculate  the  actual  zone  width  these  profiles  need  to  be  exported  for  further  processing. 

3  Exemptions  are  granted  if  the  line  operator  shows  that  all  measures  to  limit  radiation  that  are 
technically  and  operationally  possible  and  economically  acceptable  have  been  taken. 
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The  0.4  microtesla,  on  the  other  hand  comes  from  epidemiological  evidence  for  a  possible  long-term 
effect. 

Summary 

In  the  Netherlands,  a  policy  has  been  implemented  to  prevent  new  situations  where  children  are 
exposed  to  magnetic  fields  due  to  overhead  power  lines.  To  achieve  this  goal  municipalities  and 
provinces  are  advised  to  avoid  realisation  of  new  sensitive  uses  (dwellings,  schools,  creches  and  day¬ 
care  centres)  within  the  specific  0.4  microtesla  zone.  RTVM  developed  guidelines  for  the  calculation  of 
the  0.4  microtesla  zone.  This  paper  describes  the  choices  that  have  been  made  in  dialogue  between  the 
Ministry  of  Housing,  Spatial  Planning  and  the  Environment,  and  the  grid  companies  for  the 
calculations  of  this  specific  0.4  microtesla  zone. 

In  accordance  with  the  epidemiological  studies,  the  specific  0.4  microtesla  zone  is  based  on  a  yearly 
averaged  magnetic  field.  To  calculate  this  yearly  averaged  magnetic  field  a  ‘representative’  yearly 
averaged  current  through  the  power  line  has  to  be  estimated.  This  representative  current  should  reflect 
the  present  load  of  the  power  lines  as  well  as  the  growth  of  the  load  expected  during  the  coming 
decades.  The  growth  potential  for  the  load  of  a  power  line  is  set  by  the  maximum  design  load  and 
operational  safety  criteria.  Analysis  of  the  line  loads  during  2003  led,  after  careful  consideration 
between  the  Ministry  and  the  grid  companies,  to  a  choice  for  the  representative  load.  For  380  kV  and 
220  kV  the  yearly  averaged  load  is  estimated  as  30%  of  the  maximum  design  load.  For  lack  of  data  on 
the  150  kV,  110  kV  and  50  kV  overhead  power  lines,  a  ‘worst  case’  estimate  of  the  yearly  averaged 
load  is  used:  50%  of  the  maximum  design  load.  Based  on  this  representative  load  and  location  specific 
data  on  the  power  line  section  (type  of  pylons,  number  of  circuits,  phase  conductor  geometry  and 
earthing)  the  specific  0.4  microtesla  zone  at  a  specific  location  can  be  calculated  with  commercially- 
available  software. 
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ABSTRACT 

The  Council  of  the  European  Union  has  made  recommendations  to  its  member  states  regarding  specific 
actions  on  magnetic  field  exposure  of  the  general  public  [1],  These  recommendations  are  based  on  the 
reference  values  by  ICNIRP,  published  in  1998  [2]. 

In  the  year  2000  two  pooled  analyses  were  published,  both  dedicated  to  epidemiological  studies  on  the 
incidence  of  leukaemia  among  children  living  in  the  vicinity  of  overhead  power  lines.  Especially  the 
paper  by  Ahlbom  c.s.  [3]  was  and  still  is  giving  rise  to  a  lot  of  concern  for  governments,  as  well  as  for 
many  people  living  close  to  overhead  power  lines. 

In  the  past  few  years,  the  Dutch  government  has  initiated  additional  research,  based  on  the  assumption 
(consistent  with  the  conclusion  of  Ahlbom  c.s.  [3])  that  the  leukaemia  risk  indeed  increases  twofold  for 
children  with  a  long-term  mean  exposure  to  magnetic  field  strengths  higher  than  0,4  uT,  originating 
from  overhead  high-voltage  power  lines  [4].  This  research  contained  investigations  of  e.g.: 

the  number  of  “extra”  children  that  may  develop  leukaemia  due  to  the  presence  of 
overhead  high-voltage  power  lines  each  year  in  The  Netherlands  (i.e.  0.5  per  year) 
the  number  of  Dutch  dwellings  situated  within  the  zones  around  high-voltage  power  lines 
with  long-term  magnetic  field  strengths  >  0,4  pT,  at  present  (i.e.  23.000  in  2003)  and  in 
the  future  (i.e.  33.000  in  2028) 

implementation  costs  of  field  reducing  measures,  on  a  national  scale. 

Consequentially,  the  Dutch  government  has  published  new  recommendations  for  municipal  executives, 
other  local  authorities  and  grid  operators  in  October  2005  [5].  This  advice  is  based  on  the 
recommendations  of  the  European  Council  as  mentioned  above,  but  with  the  addition  of  some 
important  precautionary  measures:  for  new  situations  in  the  vicinity  of  overhead  high-voltage  power 
lines  the  government  recommends  to  prevent  that  children  experience  long-term  exposure  to  magnetic 
fields,  with  annually  averaged  field  strengths  higher  than  0,4  uT. 

As  an  aid  to  local  authorities  and  grid  operators,  magnetic  field  zoning  around  high-voltage  power  lines 
has  been  introduced.  Two  types  of  zones  have  been  defined: 

an  indicative  magnetic  field  zone:  a  rough  estimate  of  the  zone,  based  on  known 
indicators  for  Dutch  high-voltage  power  lines  in  general 

a  specific  zone:  a  more  accurate  calculated  estimate  of  the  zone,  based  on  actual  phase 
configurations  and  electrical  current  of  the  high-voltage  power  line. 

The  recommendations  are  accompanied  by  a  set  of  guidelines  to  calculate  the  specific  magnetic  field 
zone,  as  a  surrogate  for  the  “long-term  mean  magnetic  field”  of  a  Dutch  high-voltage  power  line  [6]. 

During  the  past  few  months,  municipal  executives,  local  authorities  and  grid  operators  have  been 
managing  this  new  Dutch  policy  on  power  lines.  They  have  initiated  or  already  performed  several 
practical  solutions  to  meet  the  recommendations.  These  solutions  can  be  based  mainly  on  two 
principles: 
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reduction  of  the  magnetic  field  by  technical  measures 

reduction  of  the  exposure  by  revision  of  new  housing  development  plans. 

During  the  presentation,  several  implications  and  consequences  of  the  Dutch  recommendations  for 
local  authorities,  grid  operators,  as  well  as  for  the  general  public  will  be  discussed.  This  will  be 
illustrated  by  presenting  some  examples  of  practical  solutions. 
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Abstract 

The  purpose  of  this  paper  is  to  introduce  the  current  state  of  the  German  Mobile  Telecommunication 
Research  Programme  (DMF).  The  Programme  was  initiated  by  the  German  Federal  Ministry  for  the 
Environment,  Nature  Conservation  and  Nuclear  Safety  (BMU)  and  is  performed  by  the  Federal  Office  for 
Radiation  Protection  (BfS).  In  the  period  from  2002  to  2007  a  total  of  51  research  projects  in  mobile 
telecommunications  are  proceeded  in  four  fields:  biology,  dosimetry,  epidemiology  and  risk 
communication.  The  total  financial  volume  of  the  program  is  17  million  €.  Final  results  of  the  programme 
are  expected  at  the  end  of  2007. 
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1  Introduction 

High  frequency  electromagnetic  fields  such  as  those  found,  for  example,  near  transmitters  (e.g.  radio 
frequency  towers  and  mobile  telephone  base  stations)  or  when  using  mobile  end  devices  (cell  phones)  are 
often  suspected  by  the  public  of  having  adverse  health  effects  on  human.  There  is  some  indication  that 
such  electromagnetic  fields  can  cause  biological  or  physiological  effects  at  levels  below  international 
limit  values.  In  which  extent  they  pose  a  health  risk  to  the  general  public  can't  be  completely  determined 
at  this  time. 

The  German  Mobile  Telecommunication  Research  Programme  (DMF)  was  initiated  by  the  German 
Federal  Ministry  for  the  Environment,  Nature  Conservation  and  Nuclear  Safety  (BMU)  and  the  Federal 
Office  for  Radiation  Protection  (BfS)  to  take  part  in  the  international  efforts  clarifying  the  above  question. 
The  total  financial  volume  of  the  program  is  17  million  6,  appropriated  half  by  half  by  the  BMU  and  the 
network  providers.  Coordination  and  implementation  is  carried  out  by  the  BfS.  The  research  projects 
chosen  for  the  program  are  based  on  the  findings  of  two  expert  workshops  in  2001  and  2003  in  Berlin  and 
additional  comments  expressed  by  the  general  public.  The  first  preliminary  results  were  presented  in 
April  2005  at  a  public  expert  workshop. 

Detailed  infonnation  on  the  single  projects  can  be  found  on  the  DMF  website  http://www.emf- 
forschungsprogramm.de/.  Project  descriptions,  current  results  and  workshop  results  are  presented. 
Regular  reports  on  the  state  of  the  research  projects  can  be  found  on  this  web-site.  The  researcher's  Final 
Report  together  with  an  evaluative  statement  by  the  BfS  will  be  made  available  to  the  public  at  the 
conclusion  of  every  project.  Further  general  information  on  electromagnetic  fields  and  cellular 
telecommunication  can  be  found  on  the  BfS  websites  under  http://www.bfs.de/. 

2  Research  Projects 

In  the  period  from  2002  to  2007  51  research  projects  in  mobile  telecommunications  are  realized  in  four 
scientific  fields:  biology,  dosimetry,  epidemiology  and  risk  communication.  With  state  of  Oktober  2006 
23  of  them  are  already  finished,  the  remaining  will  be  completed  within  2006  and  2007.  The  topics  cover 
a  broad  spectrum,  reaching  beyond  current  GSM  and  UMTS  standards.  One  objective,  among  others,  is  to 
clarify  fundamental  effects  and  mechanisms.  Another  will  be  to  delve  into  the  possible  causes  of 
electromagnetic  sensitivity.  The  programme  will  seek  results  pertinent  not  only  to  existing  mobile 
telecommunications  but  in  order  to  make  statements  on  future  developments  as  well. 
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2.1  Biology 

The  23  projects  investigating  possible  biological  and  effect  and  health  consequences  of  high  frequency 
electromagnetic  fields  cover  about  56  %  of  the  financial  volume  of  the  DMF.  Four  projects  are  already 
completed.  It  could  be  shown,  that  a  life-long  exposure  with  GSM  and  UMTS  signals  does  not  influence 
the  survival  and  the  incidence  of  lymphoma  in  a  genetically  modified  mice  stock  especially  susceptible  to 
lymphoma  (AKR-mice).  Though,  the  hypothesis,  that  chronic  exposure  to  high  frequency  electromagnetic 
fields  promote  neoplastic  development  in  the  hematopoietic  system  in  genetically  predisposed  mice  was 
not  supported.  The  “melatonin  hypothesis”,  claiming  that  ELF  as  well  as  HF  electromagnetic  fields  result 
in  decreased  melatonin  levels,  could  not  be  confirmed  during  investigations  on  explanted  pineal  organs  of 
hamster.  A  feasibility  studies  was  successfully  finished  and  made  it  possible  to  start  investigations  on  the 
age  dependence  of  the  action  of  F1F  EMF.  A  study  on  the  sleep  quality  of  population  living  close  to 
mobile  phone  base  stations  started  as  well. 

2.2  Dosimetry 

13  projects,  covering  about  14  %  of  the  total  financial  volume  of  the  DMF,  are  concerned  with  dosimetry 
and  exposure  assessment,  eleven  of  them  are  already  finished.  The  topics  cover  on  the  one  hand  the  field 
distribution  around  transmitters  and  far-field  exposure  of  the  population  by  mobile  phone  base  stations, 
WLAN  transmitters,  transmitters  of  the  digital  TV,  etc.  On  the  other  hand,  near-field  scenarios  are 
investigated  predominantly  by  modelling  the  indoor  field  distribution  in  homes,  offices,  shielded  rooms, 
etc.  SAR  and  temperature  variations  in  the  heads  and  trunks  of  persons  using  mobile  communication 
devices  are  determined.  The  SAR  distribution  in  experimental  animals  was  investigated  as  well. 
Investigations  of  the  real  exposure  due  to  daily  use  of  mobile  phones  have  shown,  that  GSM-mobile 
phones  regulate  quite  often  to  the  maximum  transmission  power,  predominantly  as  a  result  of  frequent 
handovers  and  poor  signal  quality,  and  cause  therefore  correspondingly  high  SAR-values  in  the  heads  of 
the  user.  The  different  regulatory  mode  of  UMTS-mobiles  results  in  drastically  reduced  exposure  of  the 
user  by  a  factor  of  about  1000.  Determination  of  human  exposure  caused  by  indoor  wireless 
communication  technologies  applied  in  homes  and  offices  showed  that  in  general  the  exposure  values  lay 
far  below  the  prescriptive  limits.  Another  study  analysed  the  exposure  from  transmitters  worn  near  the 
trunk  of  the  body.  In  generic  and  anatomical  models  was  revealed  that  under  far-field-like  conditions 
standing  waves  can  develop,  and  a  rise  of  the  SAR  value  specifically  in  the  skin  was  determined.  The 
limit  values  were  not  exceeded.  In  near-field-like  conditions  standing  waves  do  not  arise.  Although  the 
temperature  rise  due  to  HF  exposure  was  calculated.  With  free  convection  a  maximum  of  0.8  °C  was 
determined.  Using  anatomical  models  the  values  determined  are  up  to  0.31  °C  at  the  body  surface.  The 
temperature  rise  determined  under  these  conditions  for  the  internal  organs  is  negligible  as  long  as  the 
SAR  limit  values  are  kept.  A  project  concerning  the  exposure  of  the  head  has  shown  that  the  temperature 
increase  in  the  skin.  This  is  caused  more  by  the  heat  accumulation  under  the  phone  than  by  the  radiation. 
The  temperature  increase  within  the  skull  (brain,  pineal,  inner  ear)  was  up  to  0.01  °C.  One  project 
concerned  determination  of  exposure  to  the  population  living  near  digital  radio  and  television 
transmitters.  The  measurements  in  Bavaria  before  and  after  introduction  of  the  digital  transmitters  showed 
an  increasing  of  mean  exposure  in  the  areas  with  “portable  indoor”  coverage  around  the  transmitter  sites 
caused  by  the  introduction  of  DVB-T. 

2.3  Epidemiology 

Eight  epidemiological  projects  are  performed  covering  about  19  %  of  the  financial  volume  of  the  DMF. 
Four  projects  are  already  finished.  A  feasibility  study  has  shown,  that  an  occupational  cohort  study  on 
persons  highly  exposed  to  HF  EMFs  cannot  be  performed  due  to  a  lack  of  a  highly  exposed  cohort  of  an 
acceptable  size  and  without  conflicting  confounders.  Furthermore,  the  feasibility  of  a  prospective  cohort 
study  on  handy  users  failed  because  of  a  response  rate  of  only  5  %.  The  effort  necessary  to  recruit  a 
sufficient  number  of  participants  would  be  enormous  and  is  not  practicable  within  the  DMF.  The  German 
part  of  INTERPHONE  study  is  finished,  the  results  of  the  evaluation  of  the  internationally  pooled  data  are 
expected  in  2006.  According  to  preliminary  national  results,  there  seems  to  be  no  increased  risk  for  brain 
cancer  due  to  a  regular  handy  usage  for  up  to  10  years.  Two  epidemiological  studies  on  children  are  just 
starting  -  one  investigating  childhood  leukemia  around  powerful  radio  and  TV  transmitters,  another 
concentrating  on  health  effects  in  the  vicinity  of  mobile  phone  base  stations.  In  the  later  one,  personal 
dosimeters  will  be  used  to  assess  the  exposure. 
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2.4  Risk  Communication 


Seven  projects  are  concerned  with  risk  perception  and  some  other  social  aspects  of  mobile 
communications,  covering  about  9  %  of  the  financial  volume  of  the  DMF.  Yet,  four  projects  are  already 
finished.  The  analysis  of  target  groups  for  differentiated  information  showed,  that  different  population 
groups  are  differentially  worried  about  possible  health  effects  of  electromagnetic  fields.  The  results  of  the 
project  “Examination  of  the  knowledge  and  effects  of  information  activities  in  the  field  of  mobile 
telecommunications  and  determination  of  further  approaches  to  improve  information  of  different 
population  groups”  gained  from  the  focus  groups  and  the  mobile  phone  survey  in  2005  illustrate  the 
importance  of  differentiating  between  target  groups.  The  essential  differences  but  also  potential 
similarities  between  the  views  of  the  different  citizens’  groups  and  the  experts  have  become  apparent. 

The  quantitative  and  qualitative  survey  performed  in  the  framework  of  the  project  “Supplementary 
information  about  electromagnetic  hypersensitive  persons”  provide  more  detailed  findings  of  persons  who 
see  the  origin  of  certain  physical  disorders  in  the  existence  of  electric,  magnetic  or  electromagnetic  fields 
(EMF).  According  to  the  working  definition,  this  group  is  considered  as  electrosensitive  persons.  The 
study  also  reveals,  however,  that  only  a  small  part  of  this  group  declares  themselves  to  be 
"electrosensitive".  The  important  factor  is  rather  their  handling  and/or  the  significance  of  "radiation"  in 
the  context  of  their  everyday  lives,  irrespective  of  terms  and  definitions.  The  findings  obtained  are  an 
important  basis  for  improving  the  communication  with  people  who  feel  impaired.  They  also  help  to  adapt 
the  way  information  is  offered  to  the  particular  needs  of  this  group  of  people. 

3  Summery 

A  large  portion  of  the  projects  will  be  finished  in  2006  and  2007.  To  provide  a  scientific  evaluation  of  all 
results  of  the  German  Mobile  Telecommunication  Research  Programme  (DMF)  in  the  international 
context,  single  thematic  topics  will  be  presented  internationally  in  scientific  workshops  and  discussed 
with  national  and  international  experts.  First,  the  workshop  with  the  topic  “dosimetry”  was  proceeded  in 
July  2006.  The  next  workshop  with  the  topic  “risk  communication”  will  take  place  at  October  2006.  The 
biological  and  epidemiological  projects  are  combined  in  three  workshops  with  the  topics  “Acute  health 
effects”  (December  2006)  as  well  as  “Action  mechanism”  and  “Long-time  health  effects”  in  2007. 

A  final  evaluation  of  the  combined  national  and  international  research  on  the  health  effects  of  high 
frequency  electromagnetic  fields  within  and  outside  of  DMF  is  planned  in  the  form  of  an  international 
scientific  conference,  together  with  international  experts  and  the  WFIO.  The  results  will  be  presented  in  a 
final  national  expert  workshop  at  the  end  of  2007  and  will  be  the  base  for  a  re-evaluation  of  the  limits. 
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4  Appendix:  Projects  of  the  DMF 

4.1  Biology 

Completed 

•  Feasibility  study  on  age  dependent  effects  of  RF  electromagnetic  fields  on  the  basis  of  relevant 
biophysical  and  biological  parameters 

•  Investigation  of  mechanisms  of  action  in  cells  exposed  to  the  high  frequency  electromagnetic  fields  of 
mobile  telephone  technology.  B.  Pineal  gland 

•  Influence  of  low  and  high  frequency  electromagnetic  fields  on  spontaneous  leukaemia  in  AKR/J  mice 

•  in  vivo  experiments  on  exposure  to  the  high  frequency  electromagnetic  fields  of  mobile 
telecommunication.  B.  carcinogenesis 

Assigned  -  results  in  2006  and  2007 

•  Investigation  of  mechanisms  of  action  in  cells  exposed  to  the  high  frequency  electromagnetic  fields  of 
mobile  telephone  technology.  A.  Demodulation  /  communication 

•  Investigation  of  mechanisms  of  action  in  cells  exposed  to  the  high  frequency  electromagnetic  fields  of 
mobile  telephone  technology.  C.  Functions 

•  in  vivo  experiments  on  exposure  to  the  high  frequency  fields  of  mobile  telecommunication.  A.  Long¬ 
term  study 

•  in  vitro  experiments  on  exposure  to  the  high  frequency  fields  of  mobile  telecommunications.  C. 
Blood-brain  barrier 

•  Influence  of  mobile  telecommunication  fields  on  the  permeability  of  the  blood-brain  barrier  in 
laboratory  rodents  (in  vivo ) 

•  Influence  of  high  frequency  electromagnetic  fields  of  mobile  telecommunications  on  sensory  organs. 

A.  The  auditory  system 

•  Possible  influence  of  high  frequency  electromagnetic  fields  of  mobile  communication  systems  on  the 
induction  and  course  of  phantom  auditory  experience  (tinnitus) 

•  Influence  of  high  frequency  electromagnetic  fields  of  mobile  telecommunications  on  sensory  organs. 

B.  The  visual  system 

•  Possible  genotoxic  effects  of  GSM  signals  on  isolated  human  blood 

•  Influence  of  GSM  signals  on  isolated  human  blood.  B.  differential  gene  expression 

•  Long-term  study  on  the  effects  of  UMTS  signals  on  laboratory  rodents 

•  Influence  of  high  frequency  electromagnetic  fields  of  mobile  telecommunications  on  the  metabolic 
rate  in  laboratory  rodents 

•  Investigation  of  age-dependent  effects  of  high  frequency  electromagnetic  fields  based  on  relevant 
biophysical  and  biological  parameters 

•  Investigation  of  sleep  quality  in  persons  living  near  a  mobile  base  station  -  Experimental  study  on  the 
evaluation  of  possible  psychological  and  physiological  effects  under  residential  conditions 

•  Investigation  of  sleep  quality  of  electrohypersensitive  persons  living  near  base  stations  under 
residential  conditions 

•  Studies  of  the  effects  of  exposure  to  electromagnetic  fields  emitted  from  mobile  phones  on  volunteers 

•  Investigation  of  the  phenomenon  of  'electromagnetic  hypersensitivity'  using  an  epidemiological  study 
on  'electrosensitive'  patients  including  the  determination  of  clinical  parameters 

•  Investigation  of  electrosensitive  persons  with  regard  to  accompanying  factors  or  diseases,  such  as 
allergies  and  increased  exposure  or  sensitivity  to  heavy  metals  and  chemicals 

•  Influence  of  F1F-EMF  of  mobile  communications  on  the  metabolic  rate  in  an  animal  model  (laboratory 
rodents) 
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4.2  Dosimetry 

Completed 

•  Investigation  of  SAR  distribution  in  laboratory  animals  exposed  to  electromagnetic  fields 

•  Development  of  measurement  and  calculation  methods  for  the  determination  of  the  public  exposure 
due  to  electromagnetic  fields  in  the  vicinity  of  mobile  phone  base  stations 

•  Determination  of  the  exposure  of  groups  of  people  that  will  be  investigated  within  the  scope  of  the 
project  'Cross-sectional  study  for  ascertainment  and  assessment  of  possible  adverse  effects  by  the 
fields  of  mobile  phone  base  stations' 

•  Determination  of  human  exposure  caused  by  indoor  wireless  communication  technologies  applied  in 
homes  and  offices 

•  Determination  of  the  specific  absorption  rate  (SAR  values)  occurring  during  day-to-day  mobile  phone 
use 

•  Exposure  from  transmitters  worn  near  the  trunk  of  the  body 

•  Determination  of  exposure  distribution  from  high  frequency  fields  in  the  human  body  with  regard  to 
small  structures  and  relevant  thermo-physiological  parameters 

•  Determination  of  the  real  field  distribution  of  high  frequency  electromagnetic  fields  near  wireless 
LAN  installations  (WLAN)  in  inner  cities 

•  Determination  of  the  real  field  distribution  from  high  frequency  electromagnetic  fields  near  UMTS 
transmitters 

•  Determination  of  the  real  exposure  from  using  mobile  phones  in  partially  shielded  rooms  as  compared 
to  exposure  under  optimal  conditions  outdoors 

•  Determination  of  exposure  to  the  population  living  near  digital  radio  and  television  transmitters 

Assigned  -  results  in  2006 

•  Investigation  of  the  validity  of  macroscopic  dielectric  tissue  properties  at  cellular  and  subcellular  level 

•  Determination  of  exposure  by  ultra-wideband-technolgies 

4.3  Epidemiology 

Completed 

•  Feasibility  study  for  a  cohort  study:  the  cohort  study  should  investigate  highly  exposed  (occupational) 
groups  to  estimate  the  risk  associated  with  high  frequency  electromagnetic  fields. 

•  Feasibility  study  for  a  prospective  cohort  study  on  mobile  phone  users 

•  Extension  of  an  international  epidemiological  study  on  the  association  between  high-frequency 
electromagnetic  fields  and  the  risk  of  brain  cancer  (INTERPHONE) 

•  Addendum  to  a  case  control  study  on  uveal  melanoma  and  radio  frequency  radiation  (RIFA  Study) 

Assigned  -  results  in  2006  and  2007 

•  Cross-sectional  study  to  record  and  evaluate  possible  adverse  health  effects  due  to  electromagnetic 
fields  from  cell-phone  base  stations 

•  Addendum  to  the  cross-sectional  study  on  acute  health  effects  caused  by  fields  of  mobile  phone  base 
stations 

•  Epidemiological  study  on  childhood  cancer  and  proximity  to  radio  and  television  transmitters 

•  Acute  health  effects  by  mobile  telecommunication  among  children 

4.4  Risk  Communication 

Completed 

•  Knowledge-based  database  of  literature  describing  the  effects  of  electromagnetic  fields  on  the 
organism  and  implants 

•  Analysis  of  target  groups  for  differentiated  information 

•  Supplementary  information  about  electromagnetic  hypersensitive  persons 

•  Examination  of  the  knowledge  and  effects  of  information  activities  in  the  field  of  mobile 
telecommunications  and  determination  of  further  approaches  to  improve  information  of  different 
population  groups 
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Assigned  -  results  in  2006 

•  Identifying  the  general  public's  fears  and  anxieties  with  regard  to  the  possible  risks  of  high  frequency 
electromagnetic  fields  of  mobile  telecommunications  (annual  survey) 

•  Innovative  methods  of  conflict  mediation  when  determining  the  location  for  mobile  phone  base 
stations 

•  Support  of  the  cooperation  of  the  mobile  telecommunication  players  by  the  local  agenda  21 
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Abstract 

A  traffic  accident  by  a  car  becomes  a  social  problem  all  over  the  world.  Therefore,  the  requirement  for  safety 
system  of  a  car  is  increasing.  In  Japan,  there  are  many  car  accidents  with  pedestrian,  a  performance  enhancement 
of  the  pedestrian  detection  with  an  in-vehicle  sensor  such  as  millimeter  wave  radars  is  demanded.  In  this  report, 
we  were  aimed  for  construction  of  a  human  body  electromagnetic  phantom  for  millimeter  wave,  we  derived  a 
reflection  and  an  absorption  characteristic  in  the  human  body  by  an  experiment.  As  a  result,  the  reflection 
coefficient  (SI  1 )  when  we  irradiated  a  millimeter  wave  on  the  human  body  surface  was  about  -5dB.  In  addition, 
we  measured  a  transmission  coefficient  (S21)  of  meat  for  the  purpose  of  evaluating  an  absorption  characteristic 
in  the  human  body  of  millimeter  wave.  As  a  result,  we  understood  that  most  of  electricity  was  absorbed  within 
around  2mm  by  the  surface.  Based  on  these  results,  we  developed  a  human  body  phantom  for  automotive  radar 
designs. 


1.  Introduction 

A  traffic  accident  by  a  car  becomes  a  social  problem  all  over  the  world.  Therefore,  the  requirement  for  safety 
system,  such  as  the  Forward  Collision  Avoidance  Assistance  System  (FCAAS),  has  been  increasing.  The  radar 
sensor  of  such  a  safety  system  has  to  be  capable  of  detecting  not  only  other  vehicles  but  also  pedestrians, 
bicycles,  and  roadside  objects  [1].  Furthermore,  such  a  safety  system  should  be  able  to  make  a  decision  without 
any  mistake  as  to  whether  a  collision  occurs.  Therefore,  the  radar  sensor  must  be  capable  of  detecting  objects 
immediately  before  a  collision  would  otherwise  occur.  The  development  of  a  radar  sensor  for  safety  system 
requires  that  we  know  the  radio  wave  reflection  characteristics,  such  as  the  average  value  of  the  radio  wave 
reflection  intensity,  of  an  object  relatively  close  to  the  sensor,  as  well  as  the  range  of  fluctuation.  That  is,  if  the 
radio  wave  reflection  characteristics  of  objects  are  known,  the  performance  of  a  safety  system  using  a  radar 
sensor  can  be  refined. 

In  this  paper,  we  evaluated  a  reflection  and  an  absorption  characteristic  when  a  millimeter  wave  was  irradiated 
by  the  human  body  by  an  experiment.  In  addition,  we  evaluated  a  reflection  and  an  absorption  characteristic  for 
the  wearing  cloths  quantitatively. 

2.  Measurement  method 

2.1  Reflection  characteristic 

We  measured  a  millimeter  wave  reflection  characteristic  in  the  human  body  surface  by  free  space  method 
(figure  1).  In  this  method,  we  set  a  calibration  plane  in  the  back  side  of  the  acrylic  board  which  is  fixed  at  a 
position  of  0.27m  by  a  lens  antenna.  Then,  a  reflection  characteristic  of  a  forearm  part  is  measured  by  a  network 
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analyzer  accurately.  When  it  measures  a  millimeter  wave  reflection  from  the  human  body,  it  is  a  problem  to 
suppress  a  fluctuation  of  the  reflection  depended  on  movement  of  a  body.  However,  the  high  precision 
measurement  is  possible  by  pushing  an  arm  to  an  acrylic  board.  This  measurement  frequency  range  is  75GHz  - 
110GHz. 

2.2  Absorption  characteristic 

It  is  difficult  to  measure  a  millimeter  wave  absorption  characteristic  in  a  body  tissue  directly,  so  we  measured 
it  by  the  following  method.  At  first,  we  measure  a  complex  permittivity  of  the  human  body  surface  by  a  coaxial 
probe  method.  Then,  we  measure  the  complex  permittivity  of  meat  (chicken,  a  chicken  cuticle,  pork,  etc.)  of 
some  thickness.  We  measure  a  transmission  characteristic  of  meat  by  free  space  method.  So,  the  absorption 
characteristic  of  millimeter  wave  in  the  human  body  is  derived  equivalently. 


3.  Measurement  result 

3.1  Reflection  characteristic 

Figure  2  shows  a  millimeter  wave  reflection  characteristic  of  a  forearm  part  of  four  persons  (30-40 
generations).  Although  there  was  some  difference  in  a  value  by  frequency,  the  reflection  characteristic  was 
almost  -5dB  to  -4dB.  The  difference  by  a  person  was  small  with  less  than  ldB.  From  this  result.  It  understand 
that  30%  of  millimeter  wave  incidence  energy  reflect  in  an  incidence  direction  in  the  human  body  surface 

3.2  Absorption  characteristic 

Figure  3  shows  the  complex  permittivity  of  the  human  body  surface  by  a  coaxial  probe  method.  In  this  coaxial 
probe  method,  only  a  characteristic  up  to  50GHz  is  provided  precisely,  so  the  complex  permittivity  more  than 
50GHz  estimated  by  extrapolation.  As  a  result,  the  complex  permittivity  (real  part)  of  the  human  body  surface  at 
70GHz  was  3  to  4.  Figure  4  shows  the  complex  permittivity  of  the  meat  (pork)  by  a  coaxial  probe  method.  The 
complex  permittivity  of  a  fat  and  a  muscle  at  70GHz  was  4  and  7  respectively.  In  addition,  compare  with  the 
complex  permittivity  of  the  human  body  surface,  fat  characteristic  was  near  to  the  human  body  surface  one. 
Transmission  characteristics  of  several  kinds  of  meat  are  shown  in  figure  5.  The  transmission  characteristic  was 
about  -lOdB  at  thickness  0.3mm,  and  it  was  about  -60dB  more  than  thickness  3mm.  When  a  millimeter  wave 
was  irradiated  by  the  human  body,  about  30%  of  electric  power  was  reflected  and  other  electric  power  was 
absorbed  at  less  than  2mm  by  the  surface  of  human  body.  From  these  results,  it  is  thought  that  a  millimeter  wave 
reflection  in  the  human  body  has  little  influence  of  inside  composition.  In  addition,  this  experiment  result 
accords  with  an  analysis  result  by  FD-TD  method  very  well. 


4.  Reflection  and  transmission  charaeteristie  of  clothes 

It  is  thought  that  a  millimeter  wave  reflection  and  absorption  characteristic  of  the  person  who  wore  clothes  is 
different  from  the  state  that  does  not  wear  clothes.  In  this  chapter,  we  evaluated  a  millimeter  wave  reflection  and 
transmission  characteristic  of  clothes  by  an  experiment.  Same  as  the  measurement  of  a  reflection  and 
transmission  characteristic  of  the  human  body  and  meat,  we  applied  free  space  method.  Table  1  shows 
measurement  results.  Average  values  of  reflection  and  transmission  characteristics  from  75GHz  to  110GHz  are 
shown  in  this  table.  From  these  results,  the  reflection  characteristics  were  -13dB  to  -30dB,  and  the  transmission 
characteristics  were  -O.ldB  to  -0.8dB.  The  transmission  losses  in  one  piece  of  cloth  were  less  than  ldB.  There 
were  less  transmission  losses  of  chemical  fiber  materials  such  as  polyester  than  a  loss  of  cotton  materials. 

Furthermore,  we  performed  the  measurement  that  assumed  wearing  clothes  one  over  another.  As  a  result  of 
three  pieces  of  cloth  (No.2,  No. 3  and  No. 4),  the  reflection  and  transmission  characteristics  were  -13.2dB,  - 
1.5 ldB  respectively.  A  reflection  characteristic  depends  on  cloth  of  large  reflectance,  and  a  transmission 
characteristic  is  almost  a  total  of  each  transmission  characteristic.  When  we  examine  a  millimeter  wave 
reflection  and  absorption  characteristic  of  pedestrian  of  a  wearing  clothes,  we  have  to  consider  these  influence. 


5.  Conclusion 

We  evaluated  a  reflection  and  absorption  characteristic  experimentally  when  a  millimeter  wave  was  irradiated 
by  the  human  body.  In  addition,  we  evaluated  a  reflection  and  transmission  characteristic  of  cloth  used  for 


711 


YAMADA  N.,  HANAZAWA  M.,  WATANABE  S.,  SUZUKI  K.,  TOKORO  S. 


wearing  clothes  in  the  same  way. 

When  a  millimeter  wave  was  irradiated  by  the  human  body,  about  30%  of  electric  power  was  reflected  and 
other  electric  power  was  absorbed  at  less  than  2mm  by  the  surface  of  human  body.  Furthermore,  the  reflection 
characteristics  of  clothes  were  -13dB  to  -30dB,  and  the  transmission  characteristics  were  -O.ldB  to  -0.8dB. 

Based  on  these  results,  we  developed  a  human  body  phantom  for  automotive  radar  designs  and  development  of 
millimeter  wave  radar  for  pedestrian  detection. 
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Fig.  1  reflection  characteristic  measurement  method  (  A  human  body  forearm  part  ) 
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Fig.  2  reflection  characteristic  measurement  result  (  A  human  body  forearm  part  ) 
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Fig.  3  permittivity  of  the  human  body  surface 
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Table. 1  reflection  and  transmission  characteristic  measurement  result  of  various  cloth 


material 

sll(dB) 

s21(dB) 

No.  1 

polyester:50%,  acryl:30%,  cotton:20% 

-26.5 

-0.18 

No.2 

polyester:65%,  cotton:35% 

-18.3 

-0.36 

No.  3 

cotton:100% 

-17.2 

-0.77 

No.4 

cotton:95%,  polyurethane  :5% 

-13.8 

-0.79 

No.  5 

polyester:  100% 

-27.4 

-0.46 

No.  6 

acryl:80%,  nylon:20% 

-30.1 

-0.28 

No.  7 

polyester:  100% 

-22.9 

-0.21 

No.  8 

polyester:  100% 

-17.8 

-0.26 

No.  9 

polyester:  100% 

-23.7 

-0.11 

No.  10 

acryl:85%,  wool:15% 

-23.3 

-0.3 

No.  11 

cotton:98%,  polyurethane  :2% 

-19.4 

-0.79 
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Abstract 

The  study  of  the  BIA  has  firstly  been  introduced  as  an  effective  tool  to  assess  many  of  the  biological  and 
biochemical  activities  of  the  body.  Due  to  the  ubiquitous  exposure  to  electromagnetic  waves  in  our  environment 
and  the  recent  extensive  use  of  mobile  handsets,  another  trend  appeared  to  exploit  the  BIA,  namely  its  relation  to 
electromagnetic  absorption  of  the  body  especially  in  terms  of  its  frequency  dependence  and  the  possible  ability 
of  power  attenuation.  In  the  present  study  we  concentrate  on  the  biological  impedance  of  the  body  when 
subjected  to  high  frequency  and  low  energy  microwaves.  Full  mathematical  analysis  is  introduced  to  examine 
the  fraction  of  power  transmitted  via  the  body  impedance  and  the  possible  wave  shape  delay  or  distortion  of  the 
incident  wave. 


Introduction 

Perhaps  the  term  bioelectrical  impedance  analysis  (BIA)  was  first  introduced  in  1940's  [1],  to  assess  the  induced 
changes  in  hydration  status  as  it  is  related  to  the  total  body  changes  in  resistance  and  capacitive  reactance.  BIA 
was  also  associated  with  the  dynamic  changes  in  pulsatile  blood  flow  to  organs,  arterial  pulse  waveforms  and 
respiration  [2].  The  applications  of  impedance  plethysmography,  to  detect  dynamic  blood  volume  changes,  have 
been  widely  confirmed  by  numerous  research  workers  [3-6]. 

The  significant  correlation  between  total  body  water  (TBW)  and  the  BIA  has  been  reported  by  hundreds 
of  peer  reviewed  papers  [4,7,8]. 

Measurement  of  the  electrical  impedance  of  biological  tissue  in  vitro  and  in  vivo  has  entered  into 
several  prominent  classes  of  biological  research  and  biomedical  applications.  More  than  half  a  century  ago, 
Fricke  [9],  then  followed  by  Cole  and  Curtis  [10],  have  measured  the  electrical  self-impedance  of  a  variety  of 
cell  and  tissue  systems;  these  measurements  were  made  across  a  large  spectrum  of  frequencies  ranging  from  the 
audio  to  the  high  radio  frequencies.  Their  results  were  studied  in  the  usual  impedance  domain  of  resistance  and 
reactance  rather  than  in  the  electrically  equivalent  admittance  domain  of  conductance  and  susceptance,  thus  a 
series  of  organized  circuit  models  were  obtained. 

Most  of  the  body  tissue  contains  large  amounts  of  water  and  conducting  electrolytes,  and  represents  a 
low  resistance  electrical  pathway;  hence  the  resistance  is  indirectly  related  to  the  extracellular  mass.  This 
equivalent  electric  resistance  has  conductivity  a.  Also  the  body  tissue  has  an  equivalent  electric  capacitance 
which  reflects  the  ability  of  the  tissue  to  store  electrical  energy.  This  reactance  originates  from  the  cell 
membrane  that  consists  of  two  conductive  layers  of  protein  molecules  having  a  nonconductive  lipid  material  of 
relative  permittivity  sr .  The  dielectric  constant  of  the  biological  tissue  is  anisotropic  and  frequency  dependent. 
The  reactance  is  a  measure  of  the  volume  of  cell  membrane  capacitance  and  an  indirect  measure  of  the 
intracellular  volume  or  body  cell  mass. 

In  the  present  work  the  emphasis  is  on  the  dependence  of  the  BIA  on  the  frequency  particularly  in  the 
microwave  region.  Moreover,  the  power  attenuation  through  a  biological  tissue  is  examined. 
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Models  for  the  equivalent  biological  circuit 

Different  models  have  been  put  forward  to  describe  the  human  body.  As  of  yet,  there  is  no  consensus  on  the 
equivalent  biological  circuit  that  will  serve  all  purposes. 

The  basic  concept  of  the  proposed  models  depends  on  the  assumption  that  human  tissues  can  be  treated 
as  a  set  of  resistors  and  capacitors  connected  together  in  series  or  in  parallel.  Two  effective  simple  models  of  the 
skin  barrier  will  be  assumed.  Firstly,  Model  A  consists  of  a  capacitor  and  resistor  connected  together  in  series, 
where  the  resistor  represents  the  input  ohmic  impedance  of  the  rest  of  the  body.  Secondly,  Model  B  consists  of  a 
capacitor  and  a  resistor  connected  in  parallel,  and  all  the  rest  of  the  human  body  may  be  represented  by  an  ohmic 
resistor,  R2,  which  represents  the  input  impedance  of  the  body.  The  electromagnetic  wave  enters  as  Vln  and  the 
induced  wave  is  represented  by  Vout.  The  capacitor  in  Model  A,  and  the  parallel  combination  in  Model  B 
represent  the  skin  barrier. 


C  Vout 


Model  A 


R 


Fig.  1.  Two  bioelectric  equivalent  circuits,  Models  A  and  B,  respectively. 

We  investigate  two  assumptions:  firstly  that  the  dielectric  constant  of  either  model  is  frequency 
independent  and  secondly,  as  it  should,  a  function  of  the  incident  frequency.  The  particular  treatment  in  the 
present  work  considers  that  the  tissue  is  subjected  to  pulsating  microwaves  that  are  emitted  from  sources  like 
mobile  network  antenna  or  mobile  handsets. 


Mathematical  Analysis 

Typically,  for  mobile  communication,  the  incident  wave  comprises  pulses  of  sinusoidal  waves.  The  frequency  of 
the  pulses  is  around  100  KFlz,  while  that  of  the  sinusoidal  waves  is  of  the  order  of  GFlz.  The  pulses  may  be 
considered  as  square  waves  of  periodic  time  T.  For  the  first  period  the  square  wave  is  nonzero  in  the  region 
-Tx  <1  <  7j  where  its  value  is  unity.  The  sinusoidal  wave  may  be  simply  represented  by  V o  cos (mcaot)  ,  where 

2k 

a>0  =  —  is  the  angular  frequency  of  the  square  wave,  while  m  a>0  is  the  angular  frequency  of  the  sinusoidal 

wave;  V 0  is  the  amplitude  of  the  incident  signal.  Therefore  the  input  signal  may  be  considered  as  the  direct 
multiplication  of  the  square  and  sinusoidal  functions  and  is  given  by 


(Vo  cos (mcoj) 

to 


-7j  <t  <7j 
7j  <t  <T  -7j 


The  input  signal  is  illustrated  in  Fig.  2.  Vin(t)  is  then  represented  as  a  Fourier  series  [11]  such  that 

oo 

k  =-oo 


The  Fourier  coefficients  ck  are  evaluated;  to  elaborate 


c 


k 


1  iy  ({ )e-J*°vdt  =  Z±_ f sin(£  +i»H?j  +  sin(A-  -m)wj\  \ 
t\  "  ’  Tco0  \  ( k+m )  (k-m)  J 
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As  soon  as  the  signal  is  converted  into  its  Fourier  series  and  the  coefficients  are  obtained  for  each  harmonic 
component,  each  frequency  may  be  treated  separately  such  that  Vin ( ka>0)=  ck  .  The  output  signal,  Vout,  is 
calculated  by  standard  circuit  analysis;  namely 

Tout (®)  =  Z(co)  =  R+-±- -  (Model  A) 

Z  (co)  j  ojC 

V,JoJ)  =  ^-VJoj);  Z(a>)  =  - — ^——  +  R2  (Model  B) 

Z  (oi)  1  +  j  cdCR 


where  w  =  k  w0.  The  total  output  signal  as  a  function  of  time  is  given  by 


oo  oo 

Eol,t(0=  'ZVoJkw 

k  =-oo  k  =-oo 

The  average  power  of  a  signal  that  is  dissipated  in  a  resistor  is  given  by  Parseval's  relation  and  is  proportional  to 

VL=V\\V{t)\1dt=±\ak\2 

‘  T  k  = — oo 

where  ak  are  the  Fourier  series  coefficients  of  V  (t ) . 

Results 

The  dielectric  characteristics,  permittivity  and  conductivity,  of  the  human  tissues  have  been  subject  to  a  great 
research  [12,13].  As  of  yet  there  is  no  agreement  among  research  workers  regarding  their  values.  In  this  work  the 
values  used  for  the  specific  absorption  rate  (SAR)  calculations  according  to  the  IEEE  1528-200x  [14]  are  used  as 
a  guideline.  A  summary  of  these  values  is  given  in  Table  1.  The  extrapolated  values  [13]  from  Hartsgrove's  et  al. 
[15]  formula  for  simulating  body  tissues  at  higher  frequencies  are  supplied  as  well 

Table  1.  The  permittivity  and  conductivity  as  a  function  of  frequency. 


Frequency 

MHz 

£r 

a  S/m 

Reference 

900 

41.5 

0.97 

IEEE 

1528-200x  [14] 

1800 

40 

1.4 

2100 

39.8 

1.49 

2450 

39.2 

1.8 

3000 

38.5 

2.4 

8000 

26 

9 

Hartsgrove  et  al.  [15] 

10000 

23 

11 
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Two  calculations  for  each  of  Models  A  and  B  were  conducted.  The  first  one  explicitly  considers  the  frequency 
dependence  of  the  permittivity  and  conductivity  and,  by  curve  fitting,  relations  are  obtained  that  satisfy  the 
above  data.  The  fitted  relation  for  the  permittivity  as  a  function  of  frequency  is: 

er(f)  =  104  x (0.8871/  '8  - 4.5381/ _6  +  6.544/  ~5  -3.9988/ ’4  +1.2852/  ~3  - 0.2507/  "2  +  0.0376/ +  0.0001) 

Whereas  the  fitted  relation  for  the  conductivity  as  a  function  of  frequency  is: 

a(f  )  =  (0.0002/ 8  -  0.01/ 7  +0.163/ 6  -1.2121/ 5  +  4.2548/ 4  -  6.1646/ 3  +8.1443 /  -4.0236) 


For  the  sake  of  simplicity  and  the  lack  of  experimental  data,  it  is  assumed  that  the  above  equations  hold  for  the 
other  frequency  values  that  are  not  included  in  the  table.  In  the  second  approach  constant  average  values  were 

£  £  ^4  d 

taken,  namely  er  =  40  and  cr  =  2  S/m.  As  usual,  C  =  —  and  R  - - .  The  length  d  and  area  A  are  taken 

d  aA 

to  be  unity  in  SI  units,  thus  our  results  are  for  unit  length  and  unit  area.  The  obtained  results  are  summarized  in 
Tables  2  and  3. 


Table  2.  Summary  of  the  results  for  Model  A. 


Frequency 

Frequency  dependent 
dielectric  parameters 

Frequency  independent 
dielectric  parameters 

V  2 

out,  rms 

v 

on  In"  0llt"ms  HP 

V  2 

out,  rms 

v 

no  In"  out  rms  HP 

V2 

in,  rms 

v. 

in,  rms 

V 2 

in,  rms 

V 

in,  rms 

107 

0.999986 

-0.00006 

0.000219 

-36.6 

10s 

0.999981 

-0.00008 

0.0123 

-19.1 

10# 

0.99617 

-0.0167 

0.553 

-2.57 

2*109 

0.9053 

-0.432 

0.832 

-0.799 

5  x  10y 

0.1925 

-0.716 

0.969 

-0.138 

8x  109 

0.001803 

-27.4 

0.988 

-0.0545 

10lu 

0.000054 

-42.7 

0.992 

-0.0349 

Table  3.  Summary  of  the  results  for  Model  B.  R2  =  100  Q. 


Frequency 

Frequency  dependent 
dielectric  parameters 

Frequency  independent 
dielectric  parameters 

V  2 

out,  rms 

V 

nn  in"  HP 

V  2 

out,  rms 

V 

Onl„„  out,  mis 

V1 

in,  rms 

^in,  rms 

V 2 

in,  rms 

^in,  rms 

107 

0.99993 

-0.00029 

0.99008 

-0.0433 

108 

1 

0 

0.9902 

-0.0428 

109 

1 

0 

0.996 

-0.0194 

1010 

1 

0 

0.9999 

-0.000349 

Conclusion 

The  main  objective  of  the  present  work  is  to  demonstrate  the  behaviour  of  the  BIA  as  a  power  attenuator  at 
different  values  of  modulated  high  frequency.  Comparison  was  set  out  between  two  simplified  models  of  the 
skin  barrier  of  a  body.  This  is  considered  under  the  two  assumptions  that  firstly  the  dielectric  constant  is 
sensitively  dependent  on  the  frequency  or,  secondly,  its  variation  with  the  frequency  is  insignificantly  small 
within  the  given  frequency  range. 

Regarding  the  frequency  dependent  assumption,  the  results  show  that  for  both  models  the  input  induced 
voltage  is  slowly  attenuated  at  frequencies  below  107  Hz,  but  over  this  frequency  Model  B  shows  no  attenuation 
while  Model  A  indicates  that  as  the  frequency  increases  a  considerable  amount  of  energy  is  absorbed  within  the 
skin. 
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On  the  other  hand  when  the  dielectric  constant  is  insensitive  to  frequency  variation.  Model  A  shows 
large  attenuation  at  low  frequencies  which  decreases  gradually  as  the  frequency  increases,  whereas  Model  B 
displays  an  opposite  behaviour  such  that  the  attenuation  is  very  poor  almost  at  all  frequencies  in  the  range  from 
107  to  10 10  Hz.  This  seems  reasonable  since  according  to  the  first  model  the  skin  behaves  as  a  high  pass  filter, 
while  the  second  model  shows  insensitivity  to  the  variation  of  frequency. 

We  believe  that  the  problem  is  more  sophisticated  than  the  proposed  two  models,  which  can  only  be 
considered  as  a  first  order  approximation  of  the  problem.  There  are  other  important  factors  that  should  be 
considered  such  as  the  multilayered  structure  of  biological  tissues,  the  effect  of  blood  circulation,  as  well  as  the 
active  elements  incorporated  in  living  tissues. 


References 

[1]  Barnett,  A.,  Electrical  method  for  studying  water  metabolism  and  translocation  in  body  segments.  Proc. 
Soc.  Exp.  Biol.  Med.,  44:  142,  1940. 

[2]  Nyboer,  I,  Bango,  S.,  Barnett,  A.  and  Halsey,  R.H.:  Radiocardiograms  -  the  electrical  impedance  changes 
of  the  heart  in  relation  to  electrocardiograms  and  heart  sounds.  J.  Clin.  Invest.,  19:  963,  1940. 

[3]  Kubicek,  W.G.:  Development  and  Evaluation  of  an  Impedance  Cardiographic  System  to  Measure  Cardiac 
Output  and  Other  Cardiac  Parameters.  National  Aeronautics  and  Space  Administration  (NASA).  July  1, 
1968  to  June  30,  1969.  Contract  No.  NAS  9-4500. 

[4]  Nyboer,  J.:  Electrical  Impedance  Plethysmography.  Second  Edition.  Charles  C.  Thomas,  Springfield,  IL, 
1970. 

[51  Nyboer,  J.:  Workable  volume  and  flow  concepts  of  biosegments  by  electrical  impedance  plethysmography. 
T.l.T.  Journal  of  Life  Sciences  (2):  1-13,  1972. 

[6]  Thomasett,  A.:  Bioelectrical  properties  of  tissue  impedance.  Lyon  Med.  207:  107-118,  1962. 

[7]  Hoffer,  E.C.,  Meador,  C.K.  and  Simpson,  D.C.:  Correlation  of  whole  body  impedance  with  total  body  water 
volume.  J.  Appl.  Physiol.,  27,  531,  1969. 

[8]  Nyboer,  J.,  Liedtke,  R.J.,  Reid,  K.A.  and  Gessert,  W.A.:  Nontraumatic  electrical  detection  of  total  body 
water  and  density  in  man.  Proceedings  of  Vlth  ICEBI,  381-384,  1983. 

[9]  Fricke,  H.,  The  theory  of  electrolyte  polarization ,  Phil.  Mag.,  14,  310-318,  1931. 

[10]  Cole,  K.  S.  and  Curtis, H.  J.,  Electric  impedance  of  the  giant  squid  axon  during  activity.  Journal  of  general 
Physiology,  22,  649-670,  1939. 

[11] V.  Oppenheim,  A.  S.  Willsky,  and  S.  Hamid  Nawab,  Signals  and  Systems,  Second  Edition,  Prentice-Hall 
International,  Inc.,  1997. 

[12] Martinsen,  0.  G.,  Grimnes,  S.,  Schwan,  H.  P.,  Interface  phenomena  and  dielectric  properties  of  biological 
tissues,  Encyclopedia  Surface  and  Colloid  Science,  Marcel  Dekker,  New  York,  pp.  2643-2652,  2002. 

[13]  Ping  Liu,  Rappaport,  C.M.,  Yan-zhen  Wei,  and  Sridhar,  S.,  Simulated  Biological  Materials  at  Microwave 
Frequencies  for  the  Study  of  Electromagnetic  Hyperthermia,  Engineering  in  Medicine  and  Biology  Society, 
Proceedings  of  the  Annual  International  Conference  of  the  IEEE,  14,  1992. 

[14] IEEE  Standard  P1528-200x.  Recommended  Practice  for  Determining  the  Spatial-Peak  Specific  Absorption 
Rate  (SAR)  I  the  Human  Body  Due  to  Wireless  Communications  Devices:  Experimental  Techniques. 

[15] G.Hartsgrove,  A.  Kraszewski,  and  A.  Surowiec,  Simulated  Biological  Materials  for  Electromagnetic 
Radiation  Absorption  Studies ,  Bioelectromagnetics,  8,  pp.  29-36,  1987 


719 


ARTIFICIAL  AND  NATURAL  NEAR-INFRARED 
RADIATION  EFFECTS  UPON  THE  CELL  MOTILITY 
BIOLOGICAL  HYPOTHESE 


Gerard  DUBOST 

Institut  d’Electronique  et  de  Telecommunications  de  Rennes 
UMR  CNRS  6164,  UNIVERSITE  DE  RENNES  1 
Avenue  du  General  Leclerc,  Campus  de  Beaulieu,  35042  -  Rennes  Cedex  -  France 


Andre  BELLOSSI 

Villa  Gabrielle,  Chemin  du  Goh  Vras,  56730  -  Saint  Gildas  de  Rhuys  -  France 


ABSTRACT 


We  proved  that  the  centrioles  were  the  device  used  for  the  detection  of  an  artificial  infrared  source  external  to 
3T3  fibroblast  and  epithelial  CV1  cells.  The  fundamental  contribution  of  the  cytoskeleton  explains  the  cell 
motility.  In  effect  the  strain  due  to  the  physical  pressure  on  the  plasma  cell  membrane  is  a  sufficient  stress  to 
activate  Hsp  27  which  results  in  actin  polymerization  and  motility  of  the  cell.  We  calculate  the  diffracted  field 
inside  the  cell  due  to  the  current  induced  along  the  centriole  equivalent  to  a  cylindrical  dipole.  We  deduced  the 
centriole  bistatic  area  function  of  the  directions  of  the  incident  and  diffracted  fields.  Some  idea  of  the  theoretical 
pressure  equal  to  several  nN/pm2  is  in  good  agreement  with  recent  experiments.  About  the  two  centrioles  in 
orthogonal  positions  100  %  of  the  space  is  covered,  while  during  the  experiments  88  %  of  3T3  and  50  %  of 
CV1  cells  were  put  in  motion  in  presence  of  a  near  infrared  source.  So  we  must  consider  than  the  strain  due  to 
the  pressure  on  the  membrane  can  be  transmitted  to  the  side  facing  the  light  source  throughout  the  actin  cyto¬ 
skeleton.  The  stress  fibers  serve  as  force  transmitters  in  fast  mecanotransduction  and  act  as  mechano-sensors 
with  direction  sensitivity  on  slow  mechanotransduction.  We  determine  the  spectral  emission  power  of  a  single 
cell  from  the  black-body  one.  Finally  a  cell  scatters  a  weak  ambient  black-body  theoretical  power  radiation.  The 
cellular  agregate  radiation  is  able  to  be  detected  by  one  cell  located  at  a  certain  distance  following  recent 
measurements. 


INTRODUCTION 

Albrecht-Buehler  showed  that  3T3  mouse  fibroblast  cells  and  epithelial  CV1  cells  could  react  to  a  near-infrared 
light  by  moving  either  towards  or  away  from  the  light  source.  The  type  of  response  depended  on  the  cell  type 
and  on  the  temporal  pattern  of  the  emission  of  the  light.  He  also  proved  that  the  centrioles  were  the  detection 
device  for  the  direction  of  the  infrared  source  [1]  -  [4]. 
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CONTRIBUTION  OF  THE  CYTOSKELETON  CONCERNING  THE  CELL 
MOTILITY  (fig.  1) 


Fig.  1  :  Schematic  diagram  of  a  focal  adhesion. 

(From  1NGBER  :  Journal  of  Cell  Science  2003,  116  :  1397-1408) 

A,  B  :  forces  from  the  extracellular  matrix  (EM)  or  applied  to  the  cell  surface 
Alpha,  beta  :  integrin  receptors. 

Focal  adhesion  proteins  :  vinculin  (Vin),  paxillin  (Pax),  talin  (Tal). 


The  plasma  membrane  is  an  assembling  of  various  proteins  inserted  in  the  fluid  matrix  of  a  lipid  bilayer.  In  non 
muscle  cells  integrins  receptors  are  membrane  spanning  proteins  that  ligate  extracellular  matrix  proteins  and 
link  to  actin  skeleton  on  the  inside  of  the  cells  [5]  providing  a  great  degree  of  mechanical  coupling  across  the 
cell  surface.  The  cytoskeleton  is  composed  of  microtubules,  actin  microfilaments  and  intermediate  filaments. 
Application  of  forces  to  integrins  receptors  and  associated  focal  adhesion  proteins  results  in  physical  distorsion 
of  the  membrane  surface  and  repositionning  of  the  cytoskeletal  fdaments  along  applied  field  lines  within  the 
cytoplasm  [6],  Among  the  three  filament  systems  that  form  the  cytoskeleton,  the  actin  network  plays  the 
principal  role  in  determining  the  cell  dynamic  response  [7].  The  cell  motility  is  driven  by  the  sum  of  asymmetric 
traction  forces  exerted  on  the  substrate  through  adhesion  foci  that  interface  with  the  actin  skeleton  [8] 
stimulating  polymerization  of  monomeric  globular  actin  to  filamentous  actin  [9].  Polymerization  of  actin 
filaments  is  necessary  for  the  extension  of  membrane  structures,  creating  a  propulsive  force  that  pushes  forward 
the  lamellipodia  at  the  front  of  migrating  cell  [10],  [11].  Stress  proteins,  called  heat  shock  proteins  (Hsps),  are 
synthesized  by  cells  in  case  of  stress.  In  the  small  heat  shock  protein  family,  Hsp27  participed  in  regulating  the 
organization  of  the  actin  cytoskeleton  in  both  control  and  stress  conditions.  When  Hsp27  is  phosphorylated,  its 
stimulates  actin  polymerization  and  modulates  the  rate  of  polymerization,  therefore  determining  the  motility  of 
the  cell  [10],  [12],  [13],  [14],  [15].  So  we  could  assume  that  the  strain  due  to  the  pressure  on  the  plasma 
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membrane,  resulting  from  the  near  infrared  radiation,  constituted  a  sufficient  stress  to  activate  Hsp27  which 
resulted  in  actin  polymerization  and  motility  of  the  cell. 


INFLUENCE  OF  A  FLUCTUATING  NEAR-INFRARED  EXTERNAL  SOURCE 
ABOUT  THE  CENTRIOLE  DIFFRACTION  INSIDE  THE  CELL 


Albrecht-Buehler  G.  showed  [1],  [4],  that  a  pair  of  centrioles  is  able  to  detect  the  direction  of  a  near-infrared 
pulsed  source  of  a  0.8  pm  wavelength.  Recently  [16]  we  introduced  the  theoretical  selective  transparence  of  the 
cell  membrane  deduced  from  experimental  results  in  the  range  stretched  from  0.2  to  1pm.  It  was  called  the 
transmission  coefficient  7]  3  .  Then  from  an  isotropic  radiated  power  of  4  pW  of  the  light  source  located  at  60 
pm,  we  calculated,  inside  the  cell,  an  electric  field  E;  equal  to  40  V/m.  The  wave  attenuation  along  the  path 
and  the  transmission  through  the  membrane  (T|  3 )  were  taken  into  account.  Inside  the  cell  the  mean  incident 


power  per  unit  of  area  is  equal  to  : 


(1) 


We  compare  each  protofilament  of  the  centriole  to  a  cylindrical  dipole  of  length  2h  and  diameter  2a,  which  is 
equivalent  to  an  opened  transmission  line  of  characteristic  impedance  Zc  and  linear  propagation  constant  : 
y  =  a  +  jk  [17]. 

We  use  the  following  parameters  without  dimension  : 

K  =  kh  =  2jih/A.,  D,  =  21oge  (2h/a), 

A  =  ah  =  (kh)2/2(Q-3.4) 


Fig.  2.  Cell  bistatic  area  a  (0,  0o) 
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The  figure  2  shows  the  centriole  lighted  by  a  plane-wave  from  the  90  direction  with  an  electric  field  E;  ( 90 ) . 
The  diffracted  field  at  point  M  :  Ed  (9,()),90,R)  (0  <  <|)  <  2ji),  inside  the  cell  is  due  to  the  current  I(z,90) 
induced  along  the  centriole.  The  distance  between  the  center  of  the  centriole  and  M  is  R.  The  bistatic  area  of  the 
centriole  related  to  the  two  directions  90  and  9  is  given  by  the  following  expression  : 


CT 


(9,  90 )  =  — —  |S(  9,  90)|2 

71 


(3) 


with : 


Ed(9,  90,R) 


Ei(0o) 


The  expressions  (3)  and  (4)  are  valid  when  R  >  8h 
an  electromagnetic  plane -wave. 


m  eo)i 

(kR)2 

2A  (5), 


-  =  ^M  (4) 

4jiR“ 

that  is  when  the  diffracted  field  is  associated  with 


I(z,  90 )  and  S(9,  90 ) ,  which  depend  on  A,  K  and  ft  parameters  are  given  in  the  annex  of  calculation. 
The  whole  power  Pd  diffracted  inside  the  cell  by  the  centriole  is  : 


Pd(0o)  =  - 


|2jo(9,e0)ds=j^j7C  a(9,90)sin9  d9  (6) 


471 R 


with  ds  =  R  sin  0  d0  d(|) . 


For  the  pulse  light  emission  the  form  factor  is  the  product  of  the  length  of  time  x  by  the  frequency  fr  . 

In  a  corresponding  stochastic  way  the  energy  is  stored  inside  the  cell  of  radius  p,  where  it  is  trapped  because  its 
transmission  through  the  membrane  is  lower  than  10  percent  [16]. 

The  stored  energy  during  a  length  of  time  At  will  be  equal  to  : 

Ws=Pd(90)Atxfr  (7) 


The  density  of  energy  u§  and  the  mean  pressure  P  applied  on  the  membrane  are  then  : 


us=- 


WS 


(8) 


P  = 


US 


(9) 


(4/ 3)np 

In  the  fig.  2  we  present  the  bistatic  area  (3)  in  terms  of  9  for  several  90  values  with  the  following  parameters 
given  in  (2)  : 

2h  =  ?^  =  0.8pm,  2a  =  40nm,  Q  =  7.38,  K  =  n,  A  =  1.24 


The  validity  condition  (5)  is  ftilfiled  when  :  R  >  1.6  pm.  Whatever,  the  chosen  incident  angle  90  ,  the  max  of 
o  and  Pd  occur  for  9  >  90°  .  The  active  diffracted  beam  draws  an  asymmetrical  cone-shaped  zone  around  the 
centriole  axis  so  that  the  diffracted  light  propagation  goes  away  from  the  light  source. 

The  Table  I  shows  Pd,  W§,  u§  and  P  with  p;=2W/m_  (1),  x f r  =1/2, 

p=llpm  and  At  =  600s. 
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90  (degrees) 

90 

75 

60 

45 

30 

Pd  (watts)  (6) 

3. 10-13 

3. 10— 1 3 

2.6  10“13 

1.4  10~13 

710“14 

W§  (Joules)  (7) 

9.10-11 

9. 10— 1 1 

8. 1 0— 1 1 

4.10-11 

2.10-11 

u§  (Joules/  m3  )  (8) 

1.6  104 

1.6  104 

1.4  104 

7.4  103 

4  103 

P(nN/p  m2) 

5.0 

5.0 

4.6 

2.3 

1.2 

Table  I :  Power  and  energy  diffracted  by  a  3T3  cell. 
Pressure  applied  on  the  membrane 


Some  idea  of  the  size  of  the  pressure  P  has  been  obtained  in  recent  experiments  [18].  In  the  abstract  we  can 
read:  “we  measure  dynamic  traction  forces  applied  by  epithelial  cells  (monolayer)  on  a  substrate.  The  force 
sensor  is  a  high-density  array  of  elastomeric  microfabricated  pillars  that  supports  the  cells.  Traction  forces 
induced  by  cell  migration  are  deduced  from  the  measurements  of  the  bending  of  these  pillars  and  are  correlated 
with  actin  localization  by  fluorescence  microscopy”.  Each  post  or  pillar  is  a  cylinder  of  radius  r  and  length  L. 
The  deflection  Ax  of  the  free  end  of  the  post  is  due  to  a  force  F  exerted  by  the  cell  on  its  underlying  substrate 
given  by  : 


F  = 


Ax 


(10) 


E  is  the  Young’s  modulus  of  the  pillar. 


With  Ax  =  0. lpm,  r=1.5pm,  L  =  5  pm  ,  E  =  2  106  Pa  ,  we  find  :  F  =  19  nN. 

7  7  7 

This  force  applied  to  the  area  of  the  pillar  n  r  =  7.07  pm"  corresponds  to  a  pressure  of  2.7  nN/  pm“  . 

This  pressure  is  in  good  agreement  with  our  theoretical  results  shown  in  Table  I. 

7 

Previous  analysis  (2001,  1999),  related  in  [18],  have  indicated  a  5.5  nN/  pm“  value  relating  force  and  contact 
area. 


Note  :  Albrecht-Buehler  said  (April  23,  2003)  :  “The  cells  used  were  always  moving.  The  first  sign  of  changing 
direction,  i.e  the  extension  of  a  new  lamellipodium  in  the  direction  of  the  light  source,  was  usually  visible  after 
5-10  min  factor  2)  since  the  beginning  of  the  lighting”.  This  explains  the  choice  of  At  =  600  s  in  W§  (7). 


Then  the  radiation  by  one  centriole  is  the  most  efficient  when  45°<90<135°  which  correspond  to  a 
diffraction  zone  :  60°  <  9  <  120°  (fig  2)  for  a  variation  of  o  and  Pd  by  a  same  factor  2.  If  the  two  centrioles 
are  in  orthogonal  positions  100  %  of  the  space  is  covered.  According  to  Albrecht-Buehler  about  88  %  of  3T3 
cells  and  50  %  of  CV1  cells  were  put  in  motion  in  presence  of  near- infrared  source.  This  information  is  related 
in  [19]. 


CELL  SCATTERING  OE  A  NEAR-INFRARED  FRACTION  OF  THE  BLACK-BODY 
RADIATION 

Recently  Albrecht-Buehler  G.  explains  that  a  cell  can  scatter  the  near-infrared  portion  of  the  ambiant  black- 
body  radiation  to  become  a  light  source,  as  a  result  of  the  experiments  [20],  The  present  purpose  is  to  justify  a 
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such  hypothesis  giving  some  theoretical  development.  We  are  sure  that  the  scattered  light  of  the  black-body 
radiation  for  one  cell  in  the  near-infrared  range  is  very  small  and  cannot  be  detected,  but  may  be  by  a  group  of 
aggregated  cells. 


Fig.  3.  Spectral  emission  powers  and  ^(for  T=310°K). 


The  spectral-emission  power  E;  is  given  by  : 


Ei  = 


2  he 


1 


exp 


hv 

kT 


(11) 


-1 


In  international  units  it  is  expressed  in  W  /  m  : 

-.-16 


Ei  = 


1.1910 


exp 


f  -%  \ 

14.410  J 

XT 


-1 


7 

The  whole  specific  intensity  Ej  of  the  black-body  expressed  in  W  /  m”  is  : 


00 

ET(^,T)=!  ExdX 
0 

The  spectral-emission  power  of  one  cell  is  equal  to  : 

ex  =aji  Ex=|Ti3|2  -Ex 


(13) 


(14) 


(12) 


ay  <  1  is  the  absorption  coefficient,  and  T|  3  the  transmission  coefficient  through  the  cell  membrane  given  in 
[16]  by: 


ch2  (r2d)  +  k3  sh2  (r 2d)/ 4nf 


(15) 
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d  is  the  membrane  thickness  and  ^d  =  2  n^d/A, .  is  the  index  of  absorption  of  the  membrane  and  nj  is 
the  index  of  refraction  of  the  interstitial  medium.  We  present  in  fig.  3  the  spectral-emission  powers  E^  and  e^ 
in  terms  of  X  for  T  =  310°  K.  The  parameter  X\  is  the  maximal  wavelength  which  limits  the  near-infrared 

7  3 

absorption  range.  The  max  of  E^  is  equal  to  10  W/m  for  X  =  9.3  pm . 

The  whole  specific  intensity  ej  of  the  cell  is  then  given  by  : 

*i 

eT  =  |  e^dX  (16) 


It  appears  in  the  table  II  : 


0 


h  (pm) 

1 

1.5 

1.75 

2 

eT  1 

^pW/cm~j  (16) 

IQ"16 

10“9 

2.10~7 

8.10“6 

Table  II  (valid  for  T  =  310  °K) 

According  to  the  second  principle  of  thermodynamics,  at  T  =  310°K,  the  power  radiated  by  a  cell  of  radius  p 
is  :  Pd  =  4 up-  e-p  (17) 


For  a  3T3  cell  with  :  p  =  1 1  pm  ,  Pd  is  shown  in  Table  III. 


h  (pm) 

1 

1.5 

1.75 

2 

Pd  (watts)  (17) 

1.5  10“27 

1.5  10-20 

3.10-18 

1.2  10“16 

Table  III  -  Power  radiation  by  a  3T3  cell 


We  note  the  great  importance  of  the  limit  of  the  membrane  cell  transparence  upon  its  natural  radiation  power. 
So  a  cell  scatters  a  weak  ambient  black-body  radiation.  Only  aggregate  cells  is  able  to  be  detected  by  one  cell 
located  at  a  certain  distance  as  recently  measured  [20]. 


BIOLOGICAL  HYPOTHESE 


Could  the  pressure  P  calculated  in  (9)  be  the  cause  of  the  displacement  of  the  cell  to  protect  the  overall 
integrity  of  the  membrane  ? 
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The  strain  (fig.  1,  A)  due  to  the  pressure  P,  is  received  in  focal  adhesion  proteins  and  integrins  activate  the 
signaling  pathway  leading  to  actin  polymerization  and  motility  of  the  cell  towards  the  light  source.  However 
Albrecht-Buehler  observed  more  cells  were  going  forward  than  backward.  So  we  must  consider  that  the  strain 
on  the  membrane  can  be  transmitted  to  the  side  facing  the  light  source.  Externally  applied  forces  (fig.  1,  A)  are 
transmitted  throughout  the  actin  cytoskeleton  and  result  in  immediate  repositionning  of  cytoskeletal  filaments 
along  applied  tension  field  lines  within  the  cytoplasm  [6],  [21].  Stress  fibers,  composed  of  actin  filaments, 
myosin  and  a  -actinin,  are  anchored  at  focal  adhesions  at  one  side  of  the  cell,  and  at  focal  adhesions  on  the 
other  side  of  the  cell.  They  serve  as  force  transmitters  in  fast  mechanotransduction  and  act  as  mechanosensors 
with  direction  sensitivity  on  slow  mechanotransduction  [22].  So  the  strain  due  to  the  pressure  could  be 
transmitted  to  the  opposite  side  of  the  cell  where  it  would  determine  the  moving  of  the  cell  away  the  light 
source.  This  can  be  akin  to  the  transmission  of  tension  due  to  fluid  shear  stress  from  the  apical  surface  of 
endothelial  cells  through  the  cytoskeleton  to  the  integrins  which  then  change  in  tension  (23).  Moreover,  in  the 
Albrecht-Buehler’ s  experiments,  the  percentages  of  cells  that  were  either  attracted  or  pushed  away  from  the 
light  source  depended  on  the  pulsing  frequencies  of  the  light  source.  Were  the  threshold  between  a  fast  and  a 
slow  mechanotransduction  linked  to  the  difference  in  frequency  ? 


SUMMARY 


The  3T3  fibroblast  and  epithelial  CV1  cells  motility  has  been  explained  : 

-  firstly  by  their  centrioles  diffraction  under  the  influence  of  a  fluctuating  near-infrared  artificial  external  pulsed 
source.  The  diffraction  light  propagation  is  such  that,  due  to  the  physical  pressure  on  the  plasma  cell  membrane, 
the  cell  goes  towards  the  light  source. 

-  secondly  when  a  sufficient  strain,  transmitted  along  the  cytoskeleton,  can  move  the  cell  away  the  light  pulsed 
source. 

On  the  other  hand,  we  show  that  a  cell  scatters  a  weak  part  of  the  natural  near  infrared  ambient  black  body 
radiation. 

All  these  theoretical  results  are  in  good  agreement  with  recent  published  measurements. 
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APPENDIX 


Induced  current  along  the  centriole  due  to  the  incident  electric  field  E;  (0O)  (figure  1) 


It  is  given  by  the  following  equation  [17]  : 


i(z.e0)  =  cfjsm|Kcos9<Ah 

v  0)  1  sh(A  +  jK) 


— (A  + jK) 
h 


cos(Kcos0o) 
"  ch(A  +  jK) 


eh 


^(A  +  jK) 


+  exp(jKzcos90 ) 
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with :  C 


.'hi  (A  +  jK)sin0o 


(A  +  jK)2  +  K“  cos2  80 


Zc  = 


Z  (  a^2 

(n-3'4» 


2hE- 

With  the  previous  parameters,  E;  =  40  V/m,  and  ZG  =  377  ohms ,  the  module  of  the  current  — - -  is 

Zc 

equal  to  0.12  pA. 

Bistatic  area  of  the  centriole 


KZ„ 


The  function  S(9,90)  is  extracted  from  [17]  :  S(9,90)  =  j - —  F(9,90) 


2nZr 


with  F(0, 0O)  =  (p  +  q  +  r).— 

u 


a„d  p  =  K^ 

X 


+J- 


ch(A  +  jK)  sh(A  +  jK) 


q  = 


V,  sllY  ' 
y  J 


+j- 


ch(A  +  jK)  sh(A  +  jK) 


sin(Kv)  . 

r  =  2 - -  s  =  (A  + jK)sin0sin9o 


u  =  ( A  +  jK)2  +  K“  cos-  90  x  =  A  +  jK  ( 1  -  cos  9) 


y  =  A  + jK(l  +  cos9),  z  =  cos(Kcos0o) ,  t  =  sin(Kcos90 ) ,  v  =  cos9  +  cos90 
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Abstract  -  Hypersensitivity  to  electricity  has  been  reported  many  times  in  the  literature.  From  another 
point  of  view,  numerous  measurements  have  been  performed  on  perception  level.  Even  if  it  appears  that 
part  of  the  population  has  a  lower  perception  level  of  current,  there  is  no  clear  link  with  the  so  called 
“hypersensitivity  to  electricity”  which  is  more  related  to  declared  physiological  disorders  in  part  of  the 
population  (sleeping  problem,  headache  ...).  Such  declared  hypersensitivity  is  currently  not  yet  related  to 
any  biological  parameter. 

Our  research  team  is  currently  trying  to  determine  a  relationship  between  hypersensitive  declared  people 
and  the  perception  level  when  injecting  current  in  the  low  frequency  range  50-1000  Hz. 

We  have  performed  current  perception  tests  with  individuals  under  different  conditions  (different  wave 
shapes,  frequencies,  influence  of  external  electric  field,  male  and  female...)  using  a  particular  protocol 
and  our  own  designed  system  for  current  injection. 

This  paper  will  present  our  test  system  design  (current  injector,  wave  shape  converter,  safety  aspects)  and 
our  first  results  based  on  both  sine  wave  (different  frequencies)  and  wideband  signal. 


I.  Introduction 

Hypersensitivity  to  electricity,  i.e.  non-specific  health  symptoms  such  as  headache,  sleep  disturbance, 
nervousness,  concentration  disturbances  or  skin  arousal,  attributed  by  the  patient  to  the  “electromagnetic 
pollution”,  has  been  frequently  reported  in  the  literature  (Hilert  et  al,  2002,  Leitgeb,  1998)  but  until  now,  no 
clear  link  has  been  shown  between  the  electromagnetic  field  and  the  symptoms  of  these  persons. 

In  (Leitgeb  and  Schrotner,  2003),  a  subgroup  of  people  with  significantly  increased  electrosensibility  was 
detected.  Herein,  the  electromagnetic  sensibility  is  described  as  the  ability  to  perceive  electric  and 
electromagnetic  exposure,  and  electromagnetic  hypersensitivity,  developing  health  symptoms  due  to  exposure  to 
environmental  field.  The  measurements  showed  a  clear  difference  between  men  and  women.  A  log-normal  law 
was  proved  to  fit  fairy  well  to  their  results  (see  fig  1). 
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Figl :  Distribution  of  the  cumulative  probability’  perception  Threshold  current  Iw  (following  Leitgeb-2003) 

The  existence  of  the  very  “electrosensible”  subgroup  can  be  seen  as  the  second  log-normal  distribution  on 
the  fig  2. 
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Fig  2:  Best  least  square  fit  of  two  ideal  log-normal  distributions  with  the  frequency  distribution  of  measured 
electric  current  perception  thresholds  of  men  (following  Leitgeb-2003. 

Similarly  to  the  work  in  (Leitgeb  and  Schrotner,  2003),  but  in  a  wide  band  of  frequency,  and  signal  shape, 
we  try  to  determine  a  link  between  the  “hypersensitivity  to  electromagnetism”  and  the  sensibility  to  electricity. 
Our  aim  is  to  measure  the  smallest  current  intensity  that  a  given  person  can  feel  when  electrical  current  is 
flowing  between  two  electrodes  placed  on  the  forearm  of  this  person. 
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A  home-made  device,  that  allows  injecting  any  waveform  current  within  the  frequency  range  50Hz-lkHz, 
has  been  designed.  This  injector  will  be  described  in  detail  hereafter. 

This  paper  will  be  focused  on  the  sensitivity  to  electricity  of  a  person  according  to  the  frequency.  The  first 
results  of  measurements  will  be  shown  for  two  different  frequencies  (50Hz  and  1  kHz). 

II.  Measurements  method 

The  developed  experimental  system  is  composed  of  a  computer,  a  current  injector  and  an  external  supply 
(see  fig  3). 


Fig3:  Experimental  System 


A  home-made  program  creates  an  audio  signal  (wave  file)  which  is  transmitted  via  the  sound  card  to  the 
current  injector.  The  latter  converts  the  voltage  in  a  stable  current  flowing  between  the  two  electrodes  through 
the  body  of  the  volunteer.  For  safety  reasons  and  to  prevent  any  electric  current  pathways  across  the  heart,  the 
investigations  were  done  on  the  forearms  on  the  volunteers.  The  complete  description  of  the  current  injector 
can  be  found  on  the  Section  3. 

The  sinusoidal  current  is  applied  by  trains  of  constant  rms  (root  mean  square)  value  with  dead  time  of  5  ms 
between  each  of  them.  Between  two  sequences,  the  rms  current  level  is  increased  following  a  given  law,  which 
has  been  chosen  in  these  experiments  as  exponential.  Our  system  can  easily  handle  any  dead  time  or  increasing 
law  at  a  given  frequency.  Currents  were  increased  by  step  until  the  program  was  interrupted  by  the  volunteer’s 
push  of  the  computer’s  space  bar  (or  any  other  computer’s  button)  when  perceiving  the  current  flow.  To 
minimize  random  influences,  measurements  were  performed  six  times  with  5  seconds  break  between  each.  The 
mean  value  of  this  first  test  was  considered  as  the  first  evaluation  of  the  perception  level.  After  30  sec,  the 
measurements  were  performed  six  more  times,  but  with  a  more  precise  range  of  current,  according  to  the  first 
evaluation.  The  tests  evaluated  the  sensitivity  to  a  50  Hz  sinusoidal  wave  and  1  kHz  sinusoidal  wave.  The  value 
of  1  kHz  was  arbitrary  chosen  to  compare  the  sensibility  at  two  different  frequencies.  Recruitment  method  of 
volunteer  was  done  essentially  on  the  student  of  the  University  of  Liege;  they  were  informed  about  the 
procedure  and  explicitly  expressed  their  consent  to  the  measurements. 

III.  Technical  specification  and  safety  aspect 

The  electronic  scheme  of  the  current  injector  is  shown  on  the  Fig. 4.  It  is  composed  of  seven  “blocks”. 
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Block  3  Block  4 


Block  1 


Bloc  6 


Fig4:  Scheme  of  the  current  injector 


•  Block  1 :  RC  high  pass  filter: 

Its  role  is  to  eliminate  the  DC  component  of  the  signal.  The  value  of  the  cut  down  frequency  is  0.3  Hz.  The  DC 
part  has  to  be  eliminated  because  it  could  damage  the  tissues  of  the  volunteer. 

•  Block  2:Follower  circuit 

It  makes  sure  that  there  is  no  interference  between  the  part  one  and  the  part  three  of  the  circuit. 

•  Block  3:  Butterworth  low  pass  filter, 

This  block  eliminates  the  high  frequency  parasites.  Its  cut  down  frequency  is  25  kHz 

•  Block  4:  RC  high  pass  filter. 

It  serves  to  eliminate  the  DC  component  of  the  signal.  Indeed,  the  signal  can  have  been  perturbed  by  the 
precedent  part  of  the  circuit  and  have  again  a  DC  component.  Its  cut  down  frequency  is  the  same  than  the  block 
l’s  :  0.3  Hz. 

•  Block  5 : Amplifier  with  variable  gain : 

This  part  of  the  circuit  is  used  to  adjust  the  output  (calibration)  of  the  device. 

•  Block  6:  Current  injector  circuit : 

This  part  of  the  circuit  is  the  current  injector  itself;  it  uses  the  human  body  resistance  as  feedback  resistance. 

We  have  characterized  the  bandwidth  of  the  device  in  order  to  be  sure  that  our  signals  are  not  altered 
(attenuated).  The  results  are  shown  on  the  following  figure  (voltage  peak  to  peak  taken  on  the  output  of  the 
device  in  function  of  frequency).  The  results  measurements  showed  that  in  the  range  of  our  experiment,  i.e.  50 
Hz  to  1  kHz,  the  signals  are  not  altered. 


Fig  5:  Frequency  response  of  the  current  injector 
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On  such  a  kind  of  device,  the  safety  aspect  is  crucial.  In  order  to  be  sure  that  any  perturbation  of  the  electric 
network  is  rejected,  a  system  of  low  pass  filter,  in  the  external  supply,  has  been  designed  to  eliminate  the  high 
frequency  component,  as  the  perturbation  can  be  seen  as  a  high  frequency  signal,  it  is  thus  eliminated.  The 
device  is  also  limited  with  a  maximum  output  current  of  5mA. 

As  already  mentioned,  we  have  ensured,  by  a  system  of  high  pass  filter,  that  the  signal  injected  in  the  body 
does  not  have  a  continuous  (DC)  component,  as  a  DC  component  would  be  dangerous  for  the  tissues. 

The  last  feature  that  guarantees  the  security  of  the  person  tested  is  a  stop  button  that  disconnects  immediately 
the  person  from  the  current  injector.  When  the  user  pushes  the  button,  the  entry  of  the  amplifier  (Block  5)  is 
forced  to  the  mass,  so  the  entry  of  the  amplifier  is  zero. 


IV  Results  and  discussion 

It  was  possible  to  perform  measurement  on  150  persons.  These  persons  were  aged  between  17  and  60  years, 
in  order  to  avoid  bias  by  including  possibly  more  sensitive  children  or  less  sensitive  elderly.  As  the  persons  were 
generally  students  of  the  university,  almost  all  of  them  were  under  25  years  old. 

Our  first  data  clearly  show  a  difference  to  the  perception  level  at  50  Hz  and  1  kHz.  It  has  already  been  shown 
that  the  sensitivity  to  electricity  varies  according  with  the  frequency  (Dalziel  &  Manfield,  1950)  of  the  signal; 
but  our  study  is  focused  on  the  low  frequency  range. 
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Fig  6:  distribution  of  the  cumulative  frequency 

We  have  compared  our  data  concerning  the  50Hz  sinusoidal  current  to  Leitgeb’s  results  (Leitgeb  and 
Schrotner,  2003).  Our  results  superpose  to  their  results  are  shown  on  the  Fig  7.  The  mean  value  of  the 
perception  threshold  in  our  study  (760.23  pA)  is  higher  than  the  mean  value  they  found  (for  men,  near  300pA). 
Nevertheless  the  mean  value  we  found  is  still  lower  than  the  related  mean  value  (Reilly,  1998).  It  seems  also 
that  the  mathematical  law  is  different;  the  kind  of  frequency  distribution  of  perception  level  was  analyzed  by 
Kolmogorov-Smirnov  testing.  The  null  hypothesis  of  log-normal  distribution  data  was  rejected  by  a  significance 
P<0.01.  Until  now,  we  hadn’t  found  a  proper  law  to  fit  our  results.  The  histogram  of  the  frequency  distribution 
of  measured  electric  current  perception  threshold  is  shown  on  the  Fig  7 


734 


Lg  l(MA) 


Fig  7:  histogram  of  the  frequency  distribution  of  measured  electric  current  perception  threshold 

It  is  possible  that  the  observed  differences  are  due  to  the  differences  in  the  measurements  protocol,  Leitgeb 
(Leitgeb  and  Schrotner,  2003)  increased  their  current  linearly,  but  we  increased  it  exponentially,  they  also  took 
six  measurements,  but  did  not  proceed  to  a  refining  like  us  and  take  a  break  of  3min  after  each  measurement 
whereas  we  took  only  5sec.  Two  other  differences  are  the  facts  that  our  volunteers  were  almost  all  under  25 
years  old.  The  results  are  not  separated  between  male  and  female  because  we  had  only  19  percent  of  female 
volunteers.  It  has  to  be  said  that  the  two  “weak  perception  volunteers”  were  male. 


Fig  8:  Our  results  superposed  to  Leitgeb ’s  data 

The  current  injector  and  its  program  can  be  used  to  generate  a  more  complex  waveform  than  a  sinus.  The  Fig 
8  and  9  show  a  typical  waveform  used  during  the  last  year  in  our  study.  Even  if  our  device  is  now  able  to 
generate  any  whished  waveform,  the  problem  is  to  have  a  comparison  point  between  two  waveforms.  Up  to 
now,  we  have  chosen  to  compare  the  RMS  (Root  Mean  Square)  value,  but  we  have  doubts  about  the  validity  of 
this  approach.  A  value  linked  to  a  biological  characteristic  such  as  the  Action  Potential  of  the  nervous  cells 
would  certainly  be  more  suitable. 
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Fig  9:  Wideband  signal 


FiglO.  Frequential  analysis  by  the  wavelet  method  of  the  wideband  signal. 


V.  Conclusion 

We  have  designed  a  device  that  has  shown  to  be  a  useful  tool  to  study  the  human  sensibility  to  electricity.  One 
of  our  priorities  was  to  ensure  the  security  of  the  volunteers. 

The  measurements  obtained  with  our  device  were  quite  different  from  those  published  in  a  similar  work.  We 
concluded  that  the  protocol  chosen  influences  considerably  the  results. 

A  study  on  the  effects  of  the  frequency  and  the  waveform  on  the  perception  level  has  begun.  The  first  results, 
even  if  few  measurements  have  been  done,  clearly  show  that  the  human  sensibility  decreases  with  the 
frequency.  This  effect  is  maybe  due  to  a  “relaxation  effect”  of  the  neurons.  Our  device  is  able  to  generate  any 
waveform,  but  the  problem  is  to  have  or  select  a  comparison  magnitude  between  two  waveforms.  This 
magnitude  could  maybe  be  linked  to  a  biological  characteristic  like  the  Action  Potential  of  the  nervous  cell. 
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Appendix  I:  Results  (table) 


Person 

number 

Sensibility!  |iA) 

Person 

number 

Sensibility!  (t  A) 

HE 

Person 

number 

Sensibility  (|tA) 

HE 

Sensibility  (|tA) 

i 

32,98 

31 

348,03 

61 

644,38 

91 

918,47 

121 

1496,1 

2 

33,76 

32 

349,17 

62 

665,58 

92 

952,13 

122 

1501,41 

3 

67,68 

33 

358,22 

63 

669,33 

93 

957,31 

123 

1633,51 

m 

74,22 

34 

372,24 

64 

672,67 

94 

963,44 

124 

1641,22 

5 

94,8 

35 

379,69 

65 

673,03 

95 

969,53 

125 

1658,06 

6 

96,79 

36 

382,21 

66 

680,98 

96 

996,15 

126 

1716,69 

7 

101,82 

37 

388,82 

67 

689,03 

97 

1031,19 

127 

1741,75 

8 

124,12 

38 

392,52 

68 

696,02 

98 

1033,52 

128 

1761,12 

9 

143,2 

39 

402,25 

69 

699,17 

99 

1036,11 

129 

1766,01 

10 

147,57 

40 

404,86 

70 

717,8 

100 

1037,6 

130 

1838,65 

11 

162,86 

41 

409,32 

71 

723,5 

101 

1044,95 

131 

1895,77 

12 

174,75 

42 

410,17 

72 

738,21 

102 

1047,75 

132 

2141 

13 

176,58 

43 

413,25 

73 

744,01 

103 

1081,14 

133 

2219,56 

14 

177,48 

44 

415 

74 

760,14 

104 

1097,02 

134 

2230,09 

15 

181,05 

45 

416,23 

75 

760,23 

105 

1109,5 

135 

2251,5 

16 

181,35 

46 

438,42 

76 

765,18 

106 

1125,08 

136 

2323,71 

17 

216,51 

47 

451,58 

77 

774,43 

107 

1136,47 

137 

2328,3 

18 

218,93 

48 

471,99 

78 

781,19 

108 

1158,31 

138 

2332,96 

19 

240,99 

49 

477,37 

79 

805,99 

109 

1178,81 

139 

2336,15 

20 

248,03 

50 

502,34 

80 

813,27 

110 

1185,21 

140 

2360,27 

21 

258,5 

51 

529,54 

81 

823,39 

111 

1200,55 

141 

2401,14 

22 

270,14 

52 

532,75 

82 

837,5 

112 

1207,93 

142 

2432,56 

23 

292,25 

53 

538,85 

83 

840,67 

113 

1320,73 

143 

2578,9 

24 

293,9 

54 

552,89 

84 

840,67 

114 

1331,47 

144 

2642,4 

25 

295,99 

55 

553,71 

85 

848,9 

115 

1341,86 

145 

2664,78 

26 

298,27 

56 

562,55 

86 

850,2 

116 

1354,68 

146 

2700 

27 

298,71 

57 

579,62 

87 

853,4 

117 

1361,42 

147 

2743,05 

28 

309,97 

58 

615,64 

88 

855,8 

118 

1381,65 

148 

2783,27 

29 

345,11 

59 

636,58 

89 

870 

119 

1489,26 

149 

2820,93 

30 

345,55 

60 

637,53 

90 

895,29 

120 

1495,92 

150 

3000 

Tablel:  electrical  sensibility  to  a  5 0Hz  sinusoidal  current. 


Person  number 

Sensibility 

(nA) 

Person  number 

Sensibility 

i 

552,89 

12 

2328,3 

2 

870 

13 

2332,96 

3 

1495,92 

14 

2336,15 

4 

1633,51 

15 

2401,14 

5 

1716,69 

16 

2432,56 

6 

1761,12 

17 

2578,9 

7 

1895,77 

18 

2642.4 

8 

2141 

19 

2700 

9 

2219,56 

20 

2743,05 

10 

2230,09 

21 

2783,27 

11 

2251,5 

22 

3000 

Table  2:  Electrical  sensibility’  to  a  1  kHz  current. 
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Abstract 

Health  concern  of  mobile  telecommunications  is  widespread  and  found  in  all  countries  with  the  technology.  The 
level  of  perceived  risk  varies  among  countries  depending  on  a  number  of  factors.  In  developing  countries  such  as 
Egypt,  the  level  of  concern  and  perceived  risk  is  heightened  mainly  due  to  the  overall  average  lower  level  of 
education,  lack  of  understanding  of  the  technology  as  well  as  the  natural  fears  of  an  invading  and  extensively 
used  technology. 

This  paper  discusses  the  current  level  of  concern  and  risk  perception  in  Egypt  and  how  various  factors  have 
contributed  to  their  changes  over  the  past  three  years.  Various  risk  communication  strategies  are  discussed;  in 
particular  a  project  to  address  the  public’s  concerns  regarding  emissions  from  mobile  telecommunications  base 
stations. 

This  project,  called  HORUS,  continuously  measures  the  electric  field  levels  from  GSM  base  stations  across 
Egypt  with  the  use  of  solar-powered  GSM  EMF  monitoring  stations.  The  24-hour  a  day  measured  field  readings 
are  compared  with  national  and  international  limits  and  published  on  a  dedicated  website. 

Introduction 

In  2003,  an  EMF  perception  survey,  commissioned  by  Vodafone,  was  carried  out  in  several  countries  including 
Egypt  by  an  independent  marketing  research  company  -  MORI.  The  main  aim  of  the  survey  was  to  assess  the 
level  of  concern  among  the  public  and  to  assess  how  this  could  be  addressed.  This  survey  provided  Vodafone 
with  an  objective  view  of  how  the  mobile  telecommunications  industry  and  technology  is  perceived  in  terms  of 
health  concerns  and  how  this  public  concern  differs  from  that  in  other  countries  [1,  2],  The  results  of  this  survey 
guided  communication  strategies  to  address  the  public’s  concern  and  attempt  to  reduce  the  level  of  concern. 

Another  survey  carried  out  by  the  same  company  in  2005  in  Egypt,  showed  the  current  level  of  public  concern 
and  highlighted  areas  where  there  have  been  significant  changes.  It  is  clear  that  several  factors  including 
communications  programs  put  in  place  after  the  2003  EMF  perception  survey  may  have  had  an  impact  in  the 
way  the  public  perceives  the  technology. 


I.  The  Ipsos-MORI  EMF  Perception  survey 

A  total  of  1,000  interviews  were  conducted  in  Egypt,  among  the  general  public,  using  CATI  (Computer  Assisted 
Telephone  Interviewing).  This  was  in  contrast  to  the  2003  survey  when  the  interviews  were  conducted  face-to- 
face  [2].  Respondents  were  aged  18+  and  were  from  across  the  whole  of  Egypt.  Quotas  were  set  on  age,  gender 
and  region.  The  results  are  weighted  to  reflect  the  population  of  Egypt. 

The  main  aim  of  the  survey  was  to  assess  the  nature  and  level  of  concern  among  the  Egyptian  public  and  to 
determine  what  impact  this  concern  may  have  for  the  telecommunications  business. 


II.  Key  Findings  of  the  2005  EMF  survey  in  Egypt 

The  results  of  the  2005  survey  summarised  below  is  taken  from  the  independent  Ipsos-MORI  report  [3]. 
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Mobile  phones,  masts  and  health  were  not  a  major  top-of-mind  concern;  ranking  8th  amongst  the  issues 
mentioned  such  as  air  pollution,  smoking  or  cancer.  On  prompting,  mobile  phones  and  masts  rose  in  importance 
to  4th  place. 

Concern  appeared  to  be  caused  largely  by  the  respondent  having  read  or  heard  information  on  this  issue,  as 
opposed  to  direct  personal  experience.  Only  10%  of  all  respondents  were  concerned  about  mobile  phones  and 
masts  with  79%  of  those  concerned  (8%  of  the  population)  because  of  information  read  or  heard,  see  Figure  1. 


I  have  read; heard  information  regarding  claimed 
health  effects 

A  friend/family  member;  colleague  has  told  me 
about  a  personal  experience  of  theirs 

I  do  not  trust  new  technology 
My  personal  experience 


79% 


18% 


□  5% 

Q4% 


I  worry  about  my  children 


1% 


Figure  1:  Causes  of  Concern 


Despite  this  initial  low  level  of  concern,  36%  of  the  Egyptian  population  surveyed,  thought  that  mobile  phones 
were  not  safe  to  use,  with  about  50%  believing  that  masts  were  worse  for  health  than  mobile  phones.  However, 
the  majority  (90%)  agreed  that  they  have  more  important  things  to  worry  about.  This  reiterates  the  observation 
obtained  from  the  initial  concern  result,  that  is  that  mobile  phones,  masts  and  health  are  an  issue  for  some,  but 
when  put  in  context  other  health  problems  are  of  a  greater  priority. 

Many  believed  that  mobile  phones  cause  some  kind  of  physical  effect,  whether  that  be  headaches,  a  warming  of 
the  ear  or,  more  seriously,  cancer  -  Figure  2. 


Brain  cancerftumour 

Headaches 

Earaches 

Heart  attack 

Tumours 


_ 1 30% 

|26% 

1 20% 

_ 1 14% 

11% 


Figure  2:  Claimed  health  problems 

Knowledge  of  the  role  of  masts  in  mobile  operation  was  still  an  issue.  17%  did  not  understand  the  necessity  for 
masts  in  the  operation  of  mobile  phones,  stating  that  they  believed  a  mobile  phone  could  work  without  being 
near  to  a  mast. 

49%  of  respondents  were  aware  of  a  mast  anywhere  e.g.  neighbourhood,  work,  other  locality.  However,  the 
majority  of  mobile  phone  users  were  indifferent,  with  a  small  minority  (6%)  actively  objecting. 

62%  of  respondents  believed  that  there  was  no  conclusive  information  on  mobile  phones,  masts  and  health, 
whilst  81%  stated  that  they  did  not  know  whom  to  believe.  Despite  this  reservation,  77%  believed  the  benefits  of 
using  a  mobile  phone  outweighed  any  potential  risks  involved. 

13%  stated  on  an  unprompted  basis  that  they  required  information  on  how  mobile  masts  work.  On  prompting, 
the  information  sought  ranged  from  information  on  how  mobile  phones  work  through  to  the  relative  safety  of  a 
mobile  phone  in  comparison  to  other  items. 

The  study  revealed  a  lack  of  trust,  with  72%  of  the  public  believing  that  the  industry  was  withholding 
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information  on  this  issue,  whilst  large  numbers  did  not  know  whether  the  industry  takes  this  issue  seriously  or 
not. 

40%  would  speak  more  highly  of  an  operator  who  supplied  information  on  this  issue.  3%  would  be  less  inclined 
to  trust  their  operator  should  they  do  this. 


III.  Changes  in  attitude  and  concern  between  2003  and  2005 

The  most  significant  changes  in  the  attitude  of  the  Egyptian  public  has  been  in  the  level  of  concern  and  the 
understanding  of  the  role  of  masts  or  base  stations  in  the  operation  of  mobile  phones.  Some  of  the  key  changes 
are  illustrated  in  Figure  3. 


Issue 

2003 

2005 

Prompted  concern  on  Mobile  Phones/Masts 

43% 

10% 

Percentages  who  do  not  believe  mobile  phones  are 
safe  to  use. 

71% 

36% 

Percentages  who  believe  benefits  outweigh  the  risk 

68% 

77% 

Percentages  who  do  not  understand  the  necessity 
of  masts  in  the  operation  of  mobile  phones. 

41% 

17% 

Figure  3:  Comparison  of  attitudes  between  2003  and  2005 

The  general  level  of  concern  dropped  by  more  than  70%  to  10%  in  2005  while  concern  regarding  the  safety  of 
mobile  phones  was  halved  to  36%  in  2005.  The  level  of  knowledge  and  understanding  of  the  technology  has  also 
increased  with  significantly  more  people  understanding  the  relationship  between  masts  and  mobile  phone 
operation. 

These  changes  could  be  attributed  to  some  communication  initiatives  implemented  by  Vodafone  after  the  2003 
survey  as  well  as  to  changes  in  the  technological  environment. 

Over  this  period,  Vodafone  organised  and  sponsored  several  seminars  on  mobile  phones,  masts  and  health  across 
Egypt,  targeting  various  segments  of  the  public.  Providing  material  for  and  speaking  to  local  councils,  landlords 
and  the  press  as  well  as  leaflets  made  available  to  customers.  One  of  Vodafone  Egypt’s  key  initiatives  has  been 
the  implementation  of  a  project  called  Project  HORUS,  which  continuously  monitors  field  levels  from  GSM 
base  stations  in  selected  locations  across  the  country  and  makes  the  readings  available  to  the  public  through  a 
dedicated  website. 

Other  influencing  factors  include  the  fact  that  the  penetration  level  moved  from  8%  in  2003  to  18%  in  2005; 
increased  familiarity  with  the  technology  over  time;  government  support  for  a  third  operator  into  the  market  as 
well  as  ongoing  coverage  campaigns  by  the  existing  operators. 

IV.  The  project  HORUS 

This  project  was  an  initiative  to  inform  the  general  public  about  Radio  Frequency  (RF)  Radiation,  through  the 
continuous  (24-hour)  monitoring  of  RF  field  levels  in  selected  locations.  Through  Project  HORUS  the  public  are 
able  to  monitor  RF  radiation  levels  in  several  locations  across  Egypt  24  hours  a  day. 

Vodafone  Egypt  has  deployed  over  54  electro-magnetic  radiation  probes  across  Egypt.  The  probes  measure  radio 
frequency  field  levels  emitted  in  the  GSM  frequency  bands  at  900  MHz  and  1800  MHz,  and  are  powered  by 
solar  cells  Figure  4.  This  makes  it  easy  to  relocate  the  units  to  monitor  new  areas  where  there  is  public  concern. 
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Figure  4:  A  PMM8055S  EMF  monitoring  station  deployed  on  a  rooftop 


The  readings  from  each  probe  are  downloaded  daily  to  a  web  server,  which  then  displays  readings  on  a  dedicated 
website.  These  readings  are  displayed  on  graphs,  which  can  be  viewed  in  comparison  with  the  maximum 
allowable  levels  set  by  the  Egyptian  authorities  and  the  ICNIRP  (International  Commission  on  Non-Ionizing 
Radiation  Protection).  Typical  readings  are  hundreds  of  times  below  standards  as  illustrated  in  Figure  5.  More 
details  on  the  project  can  be  found  on  the  project’s  website  www.proiecthorus.com. 
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Figure  5:  Readings  from  a  monitoring  station  in  the  Alexandria  governorate 

The  average  reading  during  this  period  was  1 . 15V/m,  which  is  less  than  3%  of  national  or  international  safety 
limits. 


742 


RISK  PERCEPTION  &  COMMUNICATION 


The  project  was  a  direct  result  of  the  2003  survey  which  showed  that  a  significant  proportion  of  the  public  was 
concerned  about  emissions  from  base  stations.  Vodafone  Egypt  first  launched  Project  HORUS  in  early  2005 
across  13  governorates  and  has  expanded  the  project  to  cover  all  27  governorates.  The  project  has  been  a  useful 
tool  in  communication  with  the  public  as  it  demonstrates  compliance  with  standards  and  an  openness  and 
transparency  on  Vodafone’s  part  which  seems  to  have  a  positive  impact  on  the  public’s  level  of  concern. 

V.  Conclusion 

Mobile  phones,  masts  and  health  is  an  important  issue,  but  not  a  primary  health  concern.  This  low  level  of 
concern  mirrors  the  findings  of  MORI's  research  for  Vodafone  in  2003.  The  majority  of  the  population  are  more 
concerned  about  other  health  issues.  However,  the  industry  as  a  whole  needs  to  respond  to  concerns  that 
important  information  is  being  withheld. 

The  principal  trigger  leading  to  concern  is  information  on  health  effects  that  people  have  heard  or  read,  not  their 
personal  experience.  Lack  of  understanding,  especially  on  the  need  for  masts,  is  also  fuelling  concern.  Many 
people  would  like  to  receive  more  information,  including  explanations  of  how  the  technology  works. 
Communication  material  will  need  to  be  tailored  to  specific  requirements,  as  different  people  would  like  to 
receive  information  on  a  variety  of  topics. 

Open  and  transparent  communication  on  the  issue  seems  to  have  an  effect  on  reducing  concern,  with  the 
continuos  EMF  monitoring  project  HORUS,  serving  to  reduce  both  concern  and  build  operator  trust  and 
confidence. 
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Abstract 

A  network  for  the  monitoring  of  the  non-ionizing  electromagnetic  radiation  levels  in  several  areas  of  Greece  is 
presented  in  this  paper.  During  its  4-year  operation  more  than  4,000,000  measurements  of  the  electric  field 
strength  have  been  performed  and  recorded.  The  results  aided  by  useful  scientific  information  are  open  to  the 
public  through  a  devoted  web  site.  The  network  measurement  results  have  shown  that  the  field  values  are  several 
times  below  the  EC  recommended  and  Greek  law  safety  values. 

I.  Introduction 

During  the  last  decade,  the  installation  and  operation  of  several  wireless  networks,  such  as  the  GSM,  UMTS  and 
TETRA  system  has  led  to  increasing  public  concerns  about  the  exposure  to  electromagnetic  radiation  emitted 
from  these  sources.  In  conjunction  with  traditional  broadcasting  systems  such  as  FM  Radio  and  TV  services, 
RADAR  systems  etc.  these  concerns  call  for  the  continuous  information  of  the  public  regarding  their  exposure  to 
EM  radiation  levels.  The  conduction  of  repetitive,  on  site,  “ad-hoc”  measurements  is  a  first  step  for  estimating 
the  exposure  levels.  Nevertheless,  ad-hoc  measurements  refer  to  a  specific  time  period  (usually  1-2  hours).  On 
the  other  hand  the  notion  of  continuous  measurement  of  EM  radiation  levels  on  a  24-hour  basis  is  more 
appealing  to  the  concerned  public.  This  is  due  to  the  fact  that  the  recorded  values  can  be  compared  to  the  public 
exposure  safety  values,  called  reference  levels,  which  are  set  by  the  relevant  organisations,  such  as  the  EC  [5] 
and  government  authorities  [6], 

Therefore,  a  network  for  the  measurement  and  recording  of  non-ionizing  Electromagnetic  Radiation  (EMR) 
emissions  on  several  sites  and  on  a  24-hour  basis  is  one  of  the  best  solutions  for  keeping  the  public  informed. 
Another  important  parameter  of  such  a  network  is  the  possibility  to  present  the  results  via  a  public  accessible  and 
user-friendly  web  site. 

As  described  above,  monitoring  networks  are  a  valuable  tool  in  attempting  to  deal  with  public  concerns  about  the 
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potential  health  effects  of  non-ionizing  radiation  of  electromagnetic  radiation.  As  a  result,  several  monitoring 
networks  are  implemented  all  over  Europe  and  Africa  (Italy,  Spain,  Portugal,  United  Kingdom,  Malta,  Egypt 
etc.)  [  1  ]-[4] .  Moreover  network  deployment  entails  a  number  of  challenges,  in  terms  of  hardware  certification, 
network  control  and  daily  maintenance.  With  all  the  above  considerations  in  mind  an  Electromagnetic  Radiation 
Monitoring  System  was  developed  in  Greece.  It  is  known  as  the  “Hermes”  project  [7],  and  it  is  fully  operational 
since  November  2002  and  currently  expanding  in  several  areas  around  the  country. 

The  paper  below  is  structured  as  follows:  Section  II  gives  a  general  technical  description  of  a  monitoring 
network,  as  well  as  a  framework  which  may  be  applied  in  any  similar  system.  Section  III  presents  the  system 
developed  for  the  “Project  Hermes”  and  the  measurement  results  to  date.  Finally,  Section  IV  presents  the  current 
project  phase  and  future  planning. 

II.  Design  Aspects  of  the  Monitoring  Network 

The  system  architecture  is  depicted  in  Figure  1. 


MONITORING 

STATION 


National  Technical 
University  of  Athens 


MONITORING 


MONITORING 

STATION 


Control  Center  for 
Northern  Greece 
(Server) 


Control  Center  for 
Southern  Greece 
(Server) 


Aristotle  University 
of  Thessaloniki 


Figure  1:  Block  diagram  of  the  monitoring  network. 


The  system  consists  of: 

(a)  The  remote  monitoring  stations,  which  are  located  on  the  desired  sites  and  perform  continuous  measurements 
of  the  Radio  frequency  (RF)  radiation  levels  and, 

(b)  The  two  central  control  stations  (one  for  Southern  and  one  for  Northern  Greece),  which  are  located  at  the 
corresponding  administrative  authorities.  The  control  units  are  responsible  for  the  control  of  the  monitoring 
stations  and  the  publication  of  the  measurement  results  on  the  web  site. 

a.  The  Measuring  Equipment 

The  Measuring  Equipment  must  be  able  to:  (a)  operate  continuously  (24  hours  per  day)  (b)  perform 
Electromagnetic  Radiation  measurements  in  the  frequency  range  of  interest  covering  the  main  sources  that 
contribute  to  the  total  electromagnetic  pollution,  (c)  store  the  measurements  in  its  internal  memory  and  transmit 
them  to  the  Control  Centre  via  a  wireless  interface  for  further  elaborations,  (d)  supplied  either  by  the  main  power 
supply  or  a  solar  panel  (preferable),  (e)  be  fully  remotely  controlled,  which  means  that  after  their  installation  no 
human  presence  is  needed  on  site  and  (f)  detect  abnormal  operation  of  any  kind  (self  diagnostics  such  as  power 
loss  and  overheating  problems)  and  inform  the  central  control  stations  of  the  problem.  To  fulfil  these 
requirements,  the  remote  monitoring  station  consists  of  a  broadband  isotropic  and  triaxial  electric  field  sensor,  a 
module  containing  the  necessary  electronics,  a  GSM  modem,  as  well  as  temperature  and  humidity  sensors.  A 
major  problem  encountered  in  this  system  is  the  periodic  calibration  of  the  monitoring  stations.  The  calibration 
procedure  requires  the  deinstallation  of  the  stations,  which  means  the  interruption  of  the  measurements,  unless  a 
spare  station  is  available  for  the  replacement. 
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Regarding  the  measurement  quantities,  either  broadband  or  narrow-band  measurements  can  be  conducted. 
Broadband  Measuring  Stations  record  the  Electric  Field  Strength  for  a  given  frequency  range.  A  range  of  100 
KHz  -  3  GHz  is  usually  enough  in  order  to  take  into  account  the  multitude  of  the  sources.  Other  possible  ranges 
are  for  example  880  -  960  MHz  (the  GSM900  band),  1880  -  2100  MHz  (GSM-1800  +  UMTS  bands),  etc.  In  [8], 
[9]  and  [10]  the  interested  reader  could  find  a  plethora  of  such  monitoring  units.  Recently,  selective  (spectrum 
analysers)  monitoring  systems  became  commercially  available.  The  referred  stations  are  fully  autonomous  and 
can  be  remotely  controlled  via  the  GSM/GPRS  protocol. 

The  main  drawback  of  broadband  stations  is  that  they  cannot  estimate  the  radiation  level  from  each  source; 
rather  they  estimate  the  total  exposure.  Equipment  such  as  a  spectrum  analyser  is  capable  of  measuring  and 
quantifying  the  contribution  of  each  electromagnetic  radiation  source  to  the  total  exposure  level.  Nevertheless, 
this  equipment  is  not  designed  for  continuous  operation.  If  selective  monitoring  stations  are  not  installed,  the 
best  solution  is  the  use  of  a  continuous  broadband  monitoring  station  for  24-hour  recording  and  conducting  “ad- 
hoc”  narrow  band  measurements  with  a  period  of  3  -  6  months  for  every  measurement  site. 

b.  The  Control  Centre 

The  Control  Centre  is  equipped  with  a  Server  Station,  a  wireless  modem  and  the  necessary  software  applications 
and  it  is  responsible  for:  (a)  controlling  the  remote  monitoring  stations  and  configuring  the  operational 
parameters,  (b)  downloading  the  measurement  data  via  the  wireless  interface  (e.g.  GSM  network),  (c)  storing  the 
data  in  its  hard  disk  and  (d)  processing  the  measurement  results  and  publishing  them  to  the  corresponding  web 
site. 

The  measurement  data  is  stored  in  a  Database  (such  as  MS  Access,  SQL  Server  or  MySQL)  after  their  checking 
and  processing.  Therefore  the  full  historical  record  for  every  measurement  site  is  kept  on  the  Server.  In  addition, 
a  Web  Server  (such  as  MS  IIS  or  Apache)  hosts  the  web  site. 

c.  The  Web  Site 

The  Web  Site  contains  both  static  and  dynamic  pages  and  it  aims  at  presenting  the  measurement  results  for  every 
monitored  site.  It  also  provides  thorough  information  concerning  the  electromagnetic  radiation  issue.  Through 
the  web  site  the  user  may  view  electric  field  strength  graphs  with  custom  time  interval  selection  and  statistical 
quantities  about  the  measurements.  Furthermore,  a  comparison  of  the  measured  quantity  with  the  Greek 
legislation  reference  levels  is  presented.  A  feedback  form  can  be  also  available  to  the  public  in  order  for  them  to 
express  questions  or  comments  to  the  administrators  of  the  system. 

III.  The  “Hermes”  Monitoring  Network 
a.  General  Description 

A  monitoring  network  based  on  the  principles  described  above  has  been  developed  and  operating  since 
November  2002.  The  system  at  its  present  state  (April  2006)  comprises  27  remote  monitoring  stations  spread  all 
over  Greece  (23  active  and  4  inactive)  and  two  control  units  located  in  two  University  laboratories  (National 
Technical  University  of  Athens  -  NTUA  and  Aristotle  University  of  Thessaloniki  -  AUTH).  The  stations  are 
located  at  schools,  universities,  public  authorities’  buildings  and  private  flats.  The  following  figure  depicts  the 
spreading  of  the  monitoring  stations. 


Imathia  Prefecture 


Figure  2  :  “Hermes  ”  Monitoring  Network 
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The  measuring  devices  record  the  broadband  electric  field  strength  quantity  for  the  range  100  KHz  -  3  GHz  [10]. 
Three  slightly  different  monitoring  units’  models  are  used. 

•  EE4070  -  WB  model  which  records  the  Electromagnetic  Field  Strength  in  the  band  100  KHz  -  3  GHz 

•  EE4070  -  SL  which  records  the  field  strength  for  three  bands:  100  KHz  -  3  GHz,  GSM-900  Band  and 
GSM  1800  +  UMTS  band. 

•  MCE410  -  SL,  which  records  the  field  strength  for  two  bands:  100  KHz  -  3  GHz  and  900  MHz  -  3  GHz. 

A  detailed  description  of  the  specific  units  and  the  measurement  procedure  can  be  found  in  [11].  In  the  following 
figures  several  measurement  sites  are  presented. 


Figure  3:  EE4070-WB  Station  at 
Koskinou,  Rhodes 


Figure  4:  EE4070-SL  Station  at 
Menemeni,  Thessaloniki 


Figure  5:  MCE410-SL  station  at  Heraklion, 
Crete 


Regarding  the  “ad-hoc”  measurements,  the  guidelines  proposed  in  the  ECC  recommendation  [12]  serve  as  the 
basis  for  our  measurement  procedure.  A  set  of  directional  antennas  covering  the  frequency  range  of  20  MHz  -  3 
GHz  and  a  Spectrum  Analyzer  for  measuring  the  received  RF  Power  comprise  the  measurement  apparatus  (see 
Figure  6).  Each  frequency  band  is  scanned  and  the  power  of  each  RF  source,  such  as  a  FM  or  TV  radio  stations, 
a  GSM  channel  etc  is  recorded.  After  the  needed  processing  the  total  exposure  levels  and  the  contribution  of 
each  frequency  band  are  estimated.  A  similar  procedure  is  performed  if  we  substitute  the  Spectrum  Analyser 
with  a  Selective  Radiation  Meter  such  as  the  one  presented  in  [13]  and  the  directional  antennas  with  broadband 
isotropic  triaxial  E-field  probes  (see  Figure  7). 


Measurement 

Figure  6:  “Ad-Hoc" Measurement  Apparatus  (SRM based) 

Apparatus  (Spectrum  Analyser  based) 


747 


D.  KOMNAKOS,  A.  GOTSIS,  N.  KOUTSIANAS  ET  AL 


b.  Measurement  results 

On  the  Web  Site,  both  broadband  and  narrow-band  measurement  results  are  presented.  The  broadband 
measurements  are  updated  on  a  daily  base.  Below,  at  first  a  table  containing  the  most  significant  information 
about  the  monitoring  stations  is  given.  Afterwards  in  the  following  figures  sample  diagrams  from  the  web  site 
are  drawn  (Figure  8  -  Figure  11).  Finally,  cumulative  results  regarding  all  the  stations  are  presented  (Figure  12  - 
Figure  13). 


Table  1  :  Stations  informative  table 


Station 

ID 

Site  Name 

Activation 

date 

Mean  6-min 
Average  value  of 
electric  field 

Standard 
deviation  of 
electric  field 

Maximum  6-min 
Average  value  of 
electric  field 

Number  of 
recorded 

measurements 

Status 

1 

1  st  &  6th  Pr.  Schools  at 
Holargos 

November  18, 
2002 

1.6 

0.1 

2.7 

77,603 

Inactive 

2 

2nd  &  3rd  Pr.  Schools  at 
Holargos 

November  18, 
2002 

1.9 

0.1 

2.3 

77,609 

Inactive 

3 

5th  Primary  School  at 
Holargos 

November  22, 
2002 

2.6 

0.2 

3.2 

72,726 

Inactive 

4 

1  st  Primary  School  at 
Zefiri 

March  31,  2003 

1.7 

0.2 

2.5 

263,276 

Active 

5 

High  School  at  Zefiri 

April  1,2003 

1.7 

0.6 

8.9 

250,005 

Active 

6 

Municipal  Office  of 
Psinthos 

April  23,  2003 

0.9 

0.8 

5.8 

209,517 

Active 

7 

Municipal  Office  of 
Koskinou 

April  23,  2003 

1.5 

0.3 

4.0 

209,808 

Active 

8 

First  Aid  Station  of 
Faliraki 

April  23,  2003 

0.0 

0.1 

1.5 

91,620 

Inactive 

9 

Building  of  E.C.E. 
School 

November  6, 
2003 

2.9 

0.2 

4.6 

172,585 

Active 

10 

5th  Primary  School  at 
Renti 

November  10, 
2003 

0.7 

0.1 

1.0 

209,315 

Active 

11 

Kindergarten  at  Renti 

November  10, 
2003 

1.5 

0.3 

2.1 

206,892 

Active 

12 

1  st  Primary  School  at 
Renti 

November  10, 
2003 

1.1 

0.5 

4.3 

193,026 

Active 

13 

Kalithies,  DEYAK 

May  11,2004 

0.1 

0.2 

1.1 

155,210 

Active 

14 

1st  Primary  School  at  N. 
Erithrea 

July  7,  2004 

2.5 

0.3 

3.5 

129,941 

Active 

15 

2nd  &  3rd  Pr.  Schools  at 
N.  Erithrea 

July  7,  2004 

2.5 

0.2 

3.1 

132,297 

Active 

16 

Esperia  Build.  -  Town 
Planning  Build. 

October  5,  2005 

1.6 

1.0 

3.5 

45,115 

Active 

17 

Dimokratias  Avenue 

October  5,  2005 

2.1 

1.0 

7.8 

44,061 

Active 

18 

1  st  Primary  School  at 
Ilion 

November  2 1 , 
2005 

2.2 

0.1 

2.9 

33,872 

Active 

19 

3rd  High  School  of 
Argostoli 

December  2 1 , 
2005 

0.1 

0.4 

6.5 

18,336 

Active 

20 

A.U.TH.,  Building  of 
School  of  Science 

November  1, 
2003 

1.3 

0.2 

3.5 

206,279 

Active 

21 

A.U.TH.,  Rectorate 
Building 

February  27, 
2004 

3.7 

1.4 

17.7 

173,067 

Active 

22 

City  Hall  of  Menemeni 

June  12,  2004 

2.7 

0.5 

7.7 

155,283 

Active 

23 

City  Hall  of  N. 
Michaniona 

June  9,  2004 

0.9 

0.2 

1.8 

153,406 

Active 

24 

High  School  of  N. 
Michaniona 

June  4,  2004 

1.8 

0.4 

3.4 

163,964 

Active 

25 

1st  and  2nd  High  Schools 
of  Naoussa 

November  16, 
2004 

0.7 

0.2 

2.1 

123,851 

Active 

26 

City  Hall  of  Lefkimi 

July  22,  2005 

1.7 

0.3 

3.0 

57,957 

Active 

27 

2nd  Primary  School  of 
Lefkimi 

July  22,  2005 

0.8 

0.2 

1.7 

63,977 

Active 

In  Figure  8  the  measured  points  correspond  to  6-minute  average  electric  field  (E-field)  values  as  is  proposed  in 
[5].  An  immediate  comparison  with  the  reference  levels  can  be  done  based  on  this  diagram.  Moreover  the 
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variation  of  the  field  during  one  day  or  a  longer  period  is  distinguishable.  The  time  span  can  vary  from  1  hour  to 
the  whole  measurement  period  (several  years).  In  Figure  9(a)  and  9(b),  the  mean  and  the  maximum  of  the  total 
set  of  6-min  average  E-field  values  are  presented  and  compared  with  the  corresponding  reference  levels,  for  both 
EE4070  -  SL  and  MCE4 10  -  SL  models. 


Sample  measurement  results  from  two  “ad-hoc”  measurements  are  depicted  in  Figure  10.  Specifically,  one  can 
see  how  many  times  below  the  safety  values  were  the  measured  field  values,  in  terms  of  the  Power  Flux  Density 
(Watt/m2)  (Figure  10(a))  and  in  terms  of  the  Electric  Field  Strength  (V/m)  (Figure  10(b)),  for  each  frequency 
band  such  as  FM,  TV,  GSM900,  UMTS  etc.  The  total  exposure  level  is  also  evaluated  and  presented.  The 
comparison  between  the  results  of  Figures  9(b)  and  10(b)  (which  correspond  to  the  same  measurement  site) 
shows  that  the  values  of  the  monitoring  station  measurements  are  close  to  the  “ad-hoc”  measurement  values.  In 
addition.  Figure  11  illustrates  the  percentage  contribution  of  each  frequency  band  to  the  total  EMR  exposure 
level. 

Finally,  the  last  two  diagrams  (Figure  12  and  Figure  13)  present  cumulative  results  regarding  the  mean  6-min 
average  E-field  strength  (continuous  measurements)  and  the  exposure  level  in  terms  of  the  Power  Flux  Density 
extracted  by  “ad-hoc”  measurements. 
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Total  band  GSM  900  GSM-1800  +  UMTS 


(b) 


Figure  9.  (a)  Sample  Mean  Electric  Field  Strength  Diagram  for  Selective  Stations  (MCE410  -  SL  model), 
(h)  Sample  Mean  Electric  Field  Strength  Diagram  for  Selective  Stations  (EE4070  -  SL  model) 
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Figure  10:  (a)  Sample  of  Power  Density’  Measurement  Results  conducted  with  SRM  (Narrow-Band),  (b)  Sample 
Equivalent  Electric  Field  Strength  Measurement  Results  conducted  with  Spectrum  Analyzer  (Narrow-Band) 
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01700-2200 


Figure  11:  Sample  of  Contribution  of  each  band  to  the  total  electromagnetic  radiation,  calculated  by  SRM 

measurements  (Narrow-Band) 


Percentage  of  mean  6-min  average  value  -  maximum  6-min  average  value  of  electric  field  strength 
compared  to  reference  value  by  station  for  the  period  10/2002  to  4/2006 


□  Mean  □  Maximum 


Figure  12  :  Percentages  of  electric  field  strength  compared  to  reference  value  (overall) 
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Times  below  reference  value  diagram  for  power  density 


Figure  13:  Comparison  of  monitored  power  densities  to  reference  value  (overall) 


c.  Comments  on  the  Measurement  results 

Based  on  the  above  diagrams  and  the  cumulative  results  from  our  measurement  database,  several  general 

conclusions  could  be  drawn: 

•  The  electric  field  strength  /  power  flux  density  values  are  several  times  lower  than  the  safety  reference 
levels,  even  on  sites  close  to  antennas  (see  Figure  4).  As  far  as  the  mean  E-field,  the  higher  values  have  been 
recorded  at  the  National  Technical  University  of  Athens  (Table  1-  Station  ID  9)  and  at  Aristotle  University 
of  Thessaloniki  (Table  1-  Station  ID  21).  The  first  is  located  near  the  Imittos  Mountain  hosting  the  Antenna 
Park  of  Attica  (FM  and  TV  broadcasting  stations,  Radars,  etc.).  The  second  measurement  site  is  on  the  roof 
of  the  9-floor  Rectorate  building,  almost  at  the  maximum  of  the  main  lobes  of  the  antennas  located  at  the 
Antenna  Park  of  Hortiatis  Mountain.  Still,  the  mean  values  are  respectively  2.9  V/m  and  3.7  V/m,  that  is, 
13%  and  16.5%  of  the  adopted  reference  level  (22.4  V/m). 

•  The  variation  of  the  E-field  on  each  site  is  negligible  except  for  the  two  stations  located  in  Heraklion,  Crete. 
The  standard  deviation  computed  over  the  whole  measurement  period  varies  between  0.1  -  0.3  V/m  for  the 
majority  of  the  sites. 

•  The  measured  E-field  depends  on  the  relative  position  between  the  site  and  the  antennas,  that  is,  the  distance 
between  them  and  the  radiation  pattern  of  the  transmitting  antenna(s). 

•  The  recorded  values  to  date  indicate  that  in  general  higher  E-fields  are  present  on  urban  and  dense  urban 
sites  in  comparison  with  rural  areas.  Nevertheless,  the  contribution  of  mobile  telephony  cellular  emissions  to 
the  total  exposure  is  higher  in  rural  areas. 


IV.  Summary  -  Future  work 

An  automated  nationwide  monitoring  network  of  the  electric  field  strength  in  the  RF  spectrum  was  presented. 
The  system  uses  reliable  hardware  based  on  electric  field  strength  probes  and  the  measured  data  is  presented 
openly  to  the  public  using  the  Web.  More  than  4,000,000  E-field  strength  values  have  been  recorded  in  our 
database  and  63  “ad-hoc”  measurements  have  been  conducted  in  the  context  of  “Hermes”  Project.  Since  the 
commencement  of  operation  the  measured  EM  Radiation  levels  are  significantly  below  the  safety  reference 
levels. 

We  are  currently  planning  the  installation  of  more  remote  stations  in  dense  urban  and  rural  environments.  Our 
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intention  is  to  extend  the  network  of  the  monitoring  stations.  In  the  long-run  and  in  conjunction  with  repetitive 
“ad-hoc”  measurements  using  a  Spectrum  Analyser  or  a  Selective  Radiation  Meter,  a  more  detailed  statistical 
analysis  of  the  RF  radiation  levels  in  urban  and  rural  areas  is  going  to  be  performed.  Our  interest  will  be  focused 
mainly  in  the  proximity  of  cellular  base  stations. 
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Abstract 

In  February  2006,  the  Greek  Parliament  passed  a  Law  setting  new  standards  for  siting  antenna  stations. 
According  to  this  Law,  the  permissible  general  public  exposure  levels  for  EMF  in  the  vicinity  of  all  kinds  of 
antenna  stations  are  set  in  general  to  70%  of  the  EU  Recommendation  and  ICNIRP’s  limits,  and  to  60%  of  them 
for  stations  located  closer  than  300  meters  from  the  perimeter  of  schools,  kindergartens,  hospitals  or  eldercare 
facilities.  Installation  of  mobile  phone  base  stations  at  the  premises  of  these  facilities  is  now  prohibited. 
Furthermore,  it  is  not  allowed  to  build  a  new  antenna  station  before  the  approval  by  the  Greek  Atomic  Energy 
Commission  of  a  technical  study  showing  that  the  EMF  levels  in  the  vicinity  of  the  station  will  be  lower  than  the 
aforementioned  limits.  The  Greek  Atomic  Energy  Commission  will  be  monitoring  EMF  exposure  levels  by 
performing  in  situ  measurements,  ex  officio  or  within  20  working  days  after  request  of  any  interested  party. 
These  measurements  should,  on  an  annual  basis,  concern  at  least  20%  of  all  the  antenna  stations  installed  in 
urban  areas  and  their  results  will  be  announced  on  the  web  site  of  the  Greek  Atomic  Energy  Commission.  The 
provisions  and  ramifications  of  this  new  Law  are  presented  in  this  paper. 


Introduction 

In  2000  Greece  implemented  legally  binding  measures  for  the  protection  of  the  public  from  exposure  to 
electromagnetic  fields  by  putting  into  force  a  national  legislative  act  concerning  all  kinds  of  land-based  antenna 
stations,  [1],  In  this  legislative  act,  the  basic  restrictions  and  the  reference  levels  set  in  the  Council 
Recommendation,  [2],  and  ICNIRP’s  guidelines,  [3],  for  general  public  protection  have  been  implemented. 
However,  the  Greek  legislation  applied  additional  safety  parameters  to  the  allowed  EMF  exposure  levels.  Hence, 
the  safety  limits  for  the  exposure  of  the  general  public  to  all  land  based  antenna  installations  were  set  to  80%  of 
the  EU  values.  Also,  with  this  legislation  the  Greek  Atomic  Energy  Commission  is  set  as  the  national  authority, 
responsible  for  the  protection  of  the  environment  and  the  general  public  against  man-made  electromagnetic 
radiation. 

In  February  2006,  the  Greek  Parliament  passed  a  Law,  [4],  setting  new  standards  for  siting  antenna  stations. 
According  to  this  Law,  the  permissible  general  public  exposure  levels  for  EMF  in  the  vicinity  of  all  kinds  of 
antenna  stations  are  now  set,  in  general,  to  70%  of  the  EU  Recommendation  and  ICNIRP’s  limits,  and  to  60%  of 
them  for  stations  located  closer  than  300  meters  from  the  perimeter  of  schools,  kindergartens,  hospitals  or 
eldercare  facilities.  It  must  also  be  noted  that  installation  of  mobile  phone  base  stations  at  the  premises  of  these 
facilities  is  now  strictly  prohibited.  The  Greek  Atomic  Energy  Commission  will  be  monitoring  EMF  exposure 
levels  by  performing  in  situ  measurements,  ex  officio  or  within  20  working  days  after  request  of  any  interested 
party.  These  measurements  should,  on  an  annual  basis,  concern  at  least  20%  of  all  the  antenna  stations  installed 
in  urban  areas  and  their  results  will  be  announced  on  the  web  site  of  the  Greek  Atomic  Energy  Commission. 

In  the  next  paragraphs  the  EMF  protection  in  Greece,  after  the  introduction  of  the  new  Law  is  analysed. 


Competent  Authorities  in  Greece 

The  competent  national  authority  for  the  protection  of  the  general  public  and  the  environment  against  artificially 
produced  non-ionising  radiation  is  the  Greek  Atomic  Energy  Commission  (EEAE,  www.eeae.gr),  which  lies 
under  the  Ministry  of  Development.  Specifically  the  EEAE: 

■  Publishes  prototype  technical  studies-notes  for  all  kinds  of  antennas  (such  technical  notes  have  been 
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published  for  mobile  phone  base  stations,  earth  satellite  stations  and  microwave  antennas, 
http://www.eeae.gr/el/services/templates/) 

■  Defines  the  measurements  protocol  based  on  international  standards 

■  Organises  educational  programs  for  the  personnel  of  all  public  sector  and  all  interested  groups 
concerning  the  protection  of  the  general  public  to  electromagnetic  fields,  informs  and  replies  to  requests 
from  the  public  authorities  and  citizens  about  the  possible  health  hazards  induced  by  non-  ionising 
radiation. 

■  Provides  all  details  concerning  the  authorisation  of  teams  that  perform  measurements  in  all  non-ionising 
radiation  installations  and  controls  the  measurements  procedure. 

Measurements  in  antenna  stations  according  to  the  legislation,  may  also  be  performed  by  the  Ministry  for  the 
Environment,  Physical  Planning  and  Public  Works,  the  Ministry  of  Health  and  Welfare  and  the  Ministry  of 
Transport  and  Communications  or  other,  authorised  by  the  EEAE,  laboratories  (e.g.  University  laboratories). 

Public  Information 

The  EEAE  is  responsible  for  providing  information  to  all  interested  public  groups  for  matters  concerning  the 
health  effects  of  electromagnetic  fields.  To  this  end,  the  EEAE  published  in  2001  a  16-page  informative 
brochure  entitled:  “Non-ionising  radiations:  Mobile  phones  and  base  stations”  (also  available  at  www.eeae.gr), 
distributed  freely  to  all  interested  parties.  Recently  (after  the  new  Law)  EEAE  has  published  a  new  updated  36- 
page  brochure  entitled  “Mobile  telephony  and  health”  that  is  also  freely  distributed  (also  available  at 
www.eeae.gr). 

The  EEAE  also  organises  or  participates  in  lectures;  courses  and  workshops  open  to  the  local  authorities,  the 
public  and  the  media.  Some  major  risk  communication  events  have  been  the  organisation  of  5  one-day 
workshops,  in  the  years  2001-2003,  entitled:  “Exposure  of  the  general  public  from  mobile  phones  base  stations” 
open  to  the  local  authorities,  the  public  and  the  media,  organised  by  the  Ministry  of  Transport  and 
Communications,  the  National  Committee  of  Post  and  Telecommunications,  the  EEAE  and/or  the  municipal 
authorities  (proceedings  from  some  of  these  workshops  have  been  published  as  booklets  and  are  freely 
distributed  from  the  National  Telecommunications  and  Post  Commission,  EETT). 

It  must  be  also  stated  that  the  EEAE  was  recently  financed  by  the  General  Secretariat  of  Research  and 
Technology  of  the  Ministry  of  Development  in  order  to  produce  informative  material  in  electronic  and  paper 
format  (cd-roms  and  brochures)  and  to  organise  workshops  for  specially  selected  target  groups  (representatives 
of  the  ministries,  the  local  authorities  and  the  media)  for  matters  concerning  EMFs  and  Health.  The  scope  of 
organising  such  workshops  is  to  inform  and  train  persons  able  to  form  a  “critical  mass”  necessary  for  further 
dissemination  of  this  information  to  the  general  public. 


Exposure  Limits 

In  2000  legislative  act  [1],  the  basic  restrictions  and  the  reference  levels  set  in  the  Council  Recommendation,  [2], 
and  ICNIRP’s  guidelines  for  general  public  protection,  [3],  have  been  implemented.  However,  this  legislation 
applied  additional  safety  parameters  to  the  allowed  EMF-exposure  levels.  Hence,  the  safety  limits  for  the 
exposure  of  the  general  public  to  all  land  based  antenna  installations  were  set  to  80%  of  the  EU  values. 

In  accordance  with  the  new  Greek  Law,  the  limits  for  general  public  exposure  to  electromagnetic  fields  are  set  to 
70%  of  EU  Recommendation  Values.  In  case  that  an  antenna  is  sited  at  a  distance  lower  than  300m  from  the 
perimeter  of  the  premises  of  kindergartens,  schools,  hospitals  or  eldercare  facilities  the  Greek  limits  are  set  to 
60%  of  EU  Values.  Furthermore,  it  is  not  allowed  to  install  mobile  phone  antenna  stations  at  these  premises.  All 
existing  installations  at  the  above  mentioned  premises  must  be  removed  in  6  months  from  the  publication  of  the 
new  Law. 


Technical  Studies 

According  to  the  Greek  Legislation,  [1],  before  the  construction  and  the  operation  of  an  antenna  station  a  special 
license  must  be  issued  by  the  National  Telecommunications  and  Post  Commission,  (EETT).  The  EEAE  is 
involved  in  the  license  issuing  process  since  a  technical  study  of  electromagnetic  emissions  is  mandatory  to  be 
submitted  to  EEAE  before  the  antenna  station  owner  submits  the  application  to  the  competent  authority  for 
issuing  a  license  for  an  antenna  station  in  a  particular  location.  These  studies  include  architectural  blueprints  and 
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topographical  charts  of  the  station  as  well  as  technical  information  about  the  operation  of  station's  antenna 
system.  The  intensity  of  the  incident  electromagnetic  radiation  is  calculated  in  places  accessible  to  general 
public.  The  existence  of  any  other  antenna  station  at  a  distance  lower  than  50  meters  from  the  examined  antenna 
station  is  also  taken  into  account. 

Through  these  calculations  it  must  be  proven  that  the  intensity  of  the  electromagnetic  radiation  is  lower  than  the 
established  limits  in  the  Greek  Legislation  at  any  place  that  is  freely  accessible  to  the  public  in  the  vicinity  of  the 
station.  Of  course,  very  close  to  the  antenna  systems  (for  example  for  mobile  phones  base  stations  usually  till  4 
to  8  meters),  at  the  directions  of  maximum  emission  and  at  the  height  where  the  antennas  are  located  it  is 
possible  that  the  radiation  exceeds  the  established  limits.  If  there  is  public  access  to  these  places  the  study 
foresees  that  it  will  be  forbidden.  The  EEAE  after  the  examination  of  the  study  sends  its  expert  opinion  (given 
that  the  study  is  not  deficient  or  inadequate  or  mistaken)  to  the  competent  authority  in  order  to  issue  license  for 
installing  the  antenna. 

It  is  noteworthy  that  these  studies  are  composed  on  the  basis  of  the  very  strict  technical  prototype  studies  that 
have  been  issued  by  the  non  ionizing  radiation  office  of  EEAE.  These  prototype  studies  adopt  worst  case 
considerations  and  assumptions,  due  to  which  the  intensity  of  the  electromagnetic  radiation  is  overestimated  in 
relation  to  the  actual  intensity  in  the  vicinity  of  the  station.  This  has  been  confirmed  through  the  comparison  of 
the  calculated  values  in  the  studies  with  the  results  of  measurements  at  areas  close  to  antenna  stations. 

In  accordance  with  the  existing  legislation  [1],  if  the  process  of  checking  the  technical  study  by  EEAE  took  over 
1  month  the  license  by  EETT  for  this  installation  could  be  issued  without  EEAE’s  positive  expert  opinion. 
However,  with  the  new  legislation  [4],  it  is  no  longer  allowed  to  build  a  new  antenna  station  before  the  approval 
by  the  Greek  Atomic  Energy  Commission  of  a  technical  study  showing  that  the  EMF  levels  in  the  vicinity  of  the 
station  will  be  lower  than  the  aforementioned  limits.  Also,  due  to  the  change  of  exposure  limits  the  owners  of  all 
the  installed  antenna  stations  are  obliged  to  submit  new  technical  studies  to  EEAE  showing  that  their  stations 
adhere  to  the  new  limits. 


Audits 

In  accordance  with  the  existing  legislation,  the  levels  of  the  emitted  electromagnetic  fields  from  all  kind  of 
antenna  stations  are  regularly  monitored,  in  order  to  ensure  compliance  with  the  safety  limits  for  the  public  or,  if 
this  is  not  the  case,  to  ensure  that  all  necessary  protection  measures  around  an  antenna  base  station,  are  being 
taken  in  every  case.  To  that  end,  the  EEAE  also  carries  out  measurements  in  all  kinds  of  antenna  stations  in  order 
to  monitor  whether  the  general  public  exposure  limits  are  being  adhered  to.  It  must  be  stated  here  that  from  the 
year  2000  until  today,  the  non  -  ionising  radiation  office  of  the  EEAE  has  performed  over  1700  inspections  and 
measurements  at  various  sites  in  Greece,  where  all  kinds  of  antenna  stations  are  installed.  Concerning  cellular 
phone  base  stations,  the  EEAE  has  conducted  measurements  in  the  vicinity  of  1200  such  stations.  The  major  part 
of  this  information  is  in  the  form  of  written  measurement  reports  that  have  already  been  delivered  to  the 
authorities  or  persons  who  asked  for  these  measurements,  but  are  also  available  to  everyone  interested. 

The  non  ionising  radiation  office  of  GAEC  has  expert  personnel  and  suitable  measuring  equipment  and  is 
accredited  in  accordance  with  the  requirements  of  the  EN  IS0/IEC  17025  standard  by  the  Hellenic  Accreditation 
Council  (ESYD  -  the  Greek  National  Accreditation  Body)  for  performing  measurements  of  low  and  high 
frequency  fields,  as  it  is  determined  in  the  accreditation  certificate  No.  117  (22-01-2003)  for  tests. 

With  the  new  legislation,  [4],  the  audits  of  the  electromagnetic  fields  in  the  vicinity  of  antenna  stations  are 
drastically  intensified.  To  this  end,  the  EEAE  or  other  laboratories  authorized  by  it,  performs  inspections  and 
measurements  in  the  vicinity  of  antenna  stations  either: 

a)  ex  officio,  through  a  sampling  process  and  annually  in  the  vicinity  of  20%  of  all  antennas  installed  in 
urban  areas,  or, 

b)  after  the  request  of  any  interested  party,  in  20  working  days 

The  results  of  these  inspections  are  immediately  published  at  EEAE’s  web  site  and  collectively  per  year.  Soon 
all  this  information  about  the  already  measured  sites  as  long  as  the  results  for  every  new  measured  antenna 
station  will  be  posted  to  the  web  page  of  EEAE 
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Penalties 

In  case  EEAE  finds  trough  measurements  an  excess  of  the  limits,  it  informs  the  competent  license-issuing 
authority,  which  then  notifies  the  antenna  owner  in  order  to  do  the  following: 

•  immediately  cease  the  operation  of  the  responsible  equipment  and  then  inform  about  this  the  competent 
license-issuing  authority; 

•  clear  the  causes  of  malfunction  before  resuming  operation 

•  inform  the  competent  license-issuing  authority  about  the  operation  resumption,  providing  explanations  about 
the  causes  of  the  malfunction. 

If,  at  any  time  after  the  initial  notification,  an  irregular  operation  of  the  same  equipment  is  found  again,  then  the 
license  is  permanently  recalled  for  this  location. 


Environmental  aspects 

According  with  the  new  Law,  [4],  the  approval  concerning  all  environmental  aspects  related  to  each  antenna 
installation  foreruns  the  license  for  the  construction  of  this  installation  issued  by  EETT.  Hence,  a  technical  study 
examining  the  environmental  impact  of  a  new  antenna  station  should  be  submitted  to  the  General  Secretariat  of 
each  District,  which  in  10  days  sends  it  to  EEAE  asking  its  expert  opinion.  The  General  Secretariat  of  each 
District  has  to  answer  for  each  technical  study,  after  a  positive  opinion  by  EEAE.  However,  the  content  and  the 
process  of  these  environmental  studies  are  to  be  defined  in  a  new  decision  by  the  Minister  of  Environment  and 
Public  Works.  All  the  existing  antenna  stations  that  have  not  an  environmental  permission  have  to  acquire  one  in 
12  months  from  the  publication  of  this  ministerial  decision. 


Funding 

According  with  the  new  Law,  [4],  the  owners  of  all  antenna  stations  are  billed  annually  by  EETT  the  sum  of 
200€  for  each  station  and  the  total  amount  is  transferred  to  EEAE.  In  this  way,  EEAE  will  have  the  necessary 
funds  to  achieve  its  duties. 


Conclusions 

The  existing  legislation  in  Greece  imposed  a  strict  framework  for  the  protection  of  the  general  public  from  the 
electromagnetic  fields  emitted  by  antenna  stations.  It  sets  exposure  limits  based  on  the  well-established  limits  of 
the  EU  recommendation  and  ICNIRP  Guidelines.  Furthermore,  it  established  a  mechanism  for  checking 
compliance  with  these  limits  before  and  after  the  installation  of  antenna  stations.  The  new  legislation  reduced  the 
exposure  limits  (towards  the  safe  side)  and  made  the  control  mechanisms  stricter  and  intense. 
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ABSTRACT 

This  paper  reports  first  on  a  completed  three-year  campaign  to  assess  exposure  of  the  public  to  electromagnetic 
fields  from  mobile  phone  base  station  antennas.  The  project  was  commissioned  by  the  Malta  Communications 
Authority  (MCA)  and  consisted  of  information  gathering  and  construction  of  a  comprehensive  database,  field 
simulation  at  all  sites  in  operation  and  detailed  measurements  at  over  half  the  base  station  sites  installed  on 
Malta. 

The  measurement  results  were  analysed  to  supply  useful  information  of  a  statistical  nature.  Measurement 
techniques  are  also  described  in  the  light  of  a  recent  preliminary  standard  (prEN  50413).  Correlation  exists 
between  measured  and  calculated  field  intensities,  although  absolute  values  are  not  in  good  agreement.  This 
occurs  mainly  on  account  of  fluctuating  power  output  from  base  stations,  multiple  reflections  and  diffraction 
effects  due  to  surrounding  structures.  Field  calculation  is,  however,  useful  for  worst-case  site  assessment. 

The  paper  proceeds  by  outlining  the  present  non-ionising  radiation  monitoring  and  measurement  campaign, 
which  now  includes  all  broadcast  frequencies,  and  gives  a  brief  account  of  a  recent  extensive  survey  conducted 
around  the  leading  telecommunications  tower  situated  in  a  village.  Recent  measurements  show  that, 
notwithstanding  the  proximity  of  some  residences,  radiation  levels  in  publicly  accessible  areas  rarely  exceed 
much  above  5%  of  ICNIRP  reference  levels  for  public  exposure. 


1.  INTRODUCTION 

The  advent  of  mobile  telephony  and  liberalisation  of  the  telecommunications  market  in  Malta  brought  about  a 
proliferation  of  radio  antenna  sites.  There  are  currently  two  companies  operating  mobile  telephone  networks  in 
Malta,  Vodafone-Malta  (GSM900)  and  Mobisle  Communications  (GSM1800).  Together  they  have  about  300 
base  stations  in  operation  and  are  developing  UMTS  networks,  due  to  start  operating  later  this  year. 

The  country’s  high  population  density  and  restricted  land  area  necessitate  location  of  base  station  antennas 
predominantly  within  a  densely  built  environment.  An  initial  lack  of  public  information  and  rapidity  of  base 
station  deployment  in  response  to  increasing  consumer  demands  have  contributed  to  public  concern  that  the 
perceived  increase  in  exposure  to  radio  frequency  electromagnetic  fields  could  be  harmful  to  health.  This 
concern  was  also  fuelled  by  reports  from  various  sources  of  possible  exposure-related  health  effects.  In  this 
respect,  the  Stewart  Report  [1]  has  unwittingly  contributed  to  this  concern,  as  some  of  the  recommendations 
made  therein  were  based  on  the  precautionary  principle,  which  has  often  been  misunderstood  and  misinterpreted 
by  the  media  and  the  general  public. 

Public  concern  has  led  to  some  court  cases  instituted  locally  against  the  operators  in  order  to  prevent  them  from 
setting  up  new  antenna  sites.  Some  individuals  living  close  to  base  station  sites  claimed  they  were  suffering 
form  adverse  health  effects  and  radio  interference  linked  to  radiation  from  these  antennas.  In  some  instances, 
adverse  effects  were  reported  soon  after  the  installation  of  the  base  station  hardware  and  even  before  its  coming 
into  operation. 

In  order  to  allay  such  fears  and  to  ensure  that  the  local  mobile  phone  companies  operate  within  the  national 
guidelines  [2],  the  MCA,  which  is  the  regulatory  agency  for  electronic  communications,  post  and  e-Commerce, 
commissioned  the  Malta  National  Laboratory  (MNL),  as  an  independent  provider  of  testing  services,  to  conduct 
an  extensive  survey.  Some  preliminary  results  appeared  in  [3]  and  [4]. 
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This  project  constituted  the  first  phase  and  is  followed  by  an  ongoing  programme  of  monitoring  and 
measurement  of  emissions  from  all  radiofrequency  sources  in  use  for  telecommunications.  This  paper  proceeds 
by  outlining  the  elements  of  the  first  phase  project  and  discussing  the  subsequent  results.  An  outline  of  the 
present  monitoring  and  field  measurement  activities  then  follows. 


2.  PHASE  I:  SURVEY  OF  MOBILE  PHONE  BASE  STATION  SITES 

This  project  was  spread  over  three  years  and  consisted  of  three  distinct  tasks: 

1.  compilation  of  a  detailed  database  of  all  base  stations; 

2.  calculation/simulation  of  electromagnetic  field  exposure  based  on  the  transmission  specifications 
contained  in  the  database  for  each  base  station  site; 

3.  measurement  of  electromagnetic  fields  at  a  sample  of  150  of  the  transmission  sites. 

To  the  author’s  knowledge,  the  survey  element  of  this  project  is  relatively  one  of  the  most  extensive  yet  reported 
in  Europe,  in  that  the  measurement  campaign  involved  over  half  of  the  licensed  sites.  This  section  describes 
each  task,  discusses  calculations/simulations  of  electromagnetic  field  power  density  and  the  survey 
methodology,  as  well  as  analysing  the  measurement  results. 

2.1  Mobile  phone  base  station  database 

The  database  was  designed  so  as  to  enable  easy  record  maintenance  and  update,  as  well  as  providing  for  easy 
access  to  site  details,  including  antenna  types,  physical  layout  and  transmission  characteristics,  as  required  for 
field  calculations.  The  records  are  searchable  through  a  number  of  fields  and  the  user  can  retrieve  associated 
information,  such  as  polar  plots  of  the  antenna  gain  profiles  in  the  vertical  and  horizontal  planes  and  copies  of 
field  survey  reports  in  the  case  of  audited  sites. 

2.2  Field  calculations  and  simulations 

Field  calculations  are  useful  in  cases  where  certification  of  site  compliance  is  required  as  a  precondition  to 
granting  of  permits  for  transmission.  Given  maximum  output  power,  field  calculation  and  simulation  results 
could  generate  worst  case  exposure  scenarios.  This  is  also  useful  in  the  case  of  operational  transmitting  stations, 
especially  those,  such  as  GSM,  which  are  characterised  by  a  fluctuating  power  output  depending  on  network 
use.  Field  measurements  will  only  reveal  the  prevailing  emissions  at  the  time  of  measurement  and  rarely  result 
in  registering  maximum  possible  values. 

Field  simulation  was  an  integral  part  of  the  project.  Two-dimensional  field  intensity  plots  were  generated  for 
all  the  base  station  sites  on  the  Maltese  islands  over  planes  containing  publicly  accessible  areas.  Both 
commercially  available  and  in-house  field  calculation  and  simulation  software  were  used.  In  both  cases,  far 
field  strengths  were  calculated  using  manufacturer-supplied  antenna  gain  profiles  in  the  vertical  and  horizontal 
planes,  and  utilising  height,  vertical  tilt,  azimuth  and  power  input  information  provided  by  the  operators  [3]. 

The  commercial  software  used  was  Telstra’s  Mobile 
Base  Station  Field  Intensity  Plotter  (MBSFIP™).  This 
enabled  two-dimensional  colour  mapping  of  field 
intensity  which  could  be  overlaid  on  the  site  plan 
(Figure  1).  MBSFIP  allows  the  user  to  select  either  a 
direct  or  a  two-ray  path  model  for  the  RF  propagation 
loss  calculations  and  if  the  two-ray  model  is  selected, 
then  calculations  assume  flat  ground  with  ground 
constants  (relative  permittivity  and  conductivity)  that 
have  to  be  specified  by  the  user.  The  program 
calculates  reflection  for  vertical,  horizontal  or  slant 
polarization.  Information  about  the  transmit  antenna 
polarisation  is  obtained  from  an  antenna  pattern 
library.  Thus,  in  the  two-ray  path  model,  the  program 
combines  the  field  intensity  calculated  along  the  direct 
path  and  combines  this  with  the  two  ray  path 
calculation. 

Comparison  between  measured  and  calculated  fields  at 
some  locations  showed  moderate  agreement  in 
absolute  terms  but  high  correlation  [3,  10],  suggesting 


Figure  1:  A  typical  two-dimensional  field  plot 
generated  by  MBSFIP™.  A  three-sector  antenna  is 
situated  at  the  centre. 
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a  systematic  error,  thought  to  be  mostly  due  to  fluctuating  output  power  determined  by  network  use.  However, 
there  are  other  factors,  such  as  multiple  reflections  and  diffraction  effects  due  to  surrounding  structures. 

2.2  Field  measurement 

The  central  and  most  publicly  visible  element  of  the  project  was  the  field  measurement  campaign  which  aimed 
to  carry  out  audit  measurements  of  electromagnetic  field  emissions  at  half  the  base  station  sites  in  operation.  In 
fact,  151  base  station  sites  were  surveyed  out  of  a  total  of  271.  The  sites  can  be  classified  as  single  operator 
GSM900  or  GSM1800,  shared  (by  the  two  GSM  operators)  and  shared  multiple  technologies  (GSM  and  other 
RF  transmission  technologies). 

The  aims  of  the  base  station  emissions  audit  were  to: 

1.  ascertain  compliance  of  base  station  emissions  with  the  ICNIRP  guideline  reference  levels  for  exposure 
of  the  general  public; 

2.  establish  a  baseline  for  typical  emission  scenarios  which  would  help  in  deciding  if  and  where  to  grant 
permission  to  operate  base  stations; 

3.  address  public  concerns  in  respect  of  perceived  hazards  of  radiofrequency  emissions  from  base 
stations; 

4.  inform  and  educate  the  public  in  matters  concerning  radiofrequency  emissions. 

At  the  beginning  of  the  project,  public  concern  about  the  possible  hazard  from  mobile  phone  base  station 
antennas  was  high.  Selection  of  sites  for  audit  was  therefore  a  delicate  task  as  we  had  to  balance  technical 
considerations  with  the  need  to  allay  public  concerns.  A  broad  representation  of  audit  sites  based  on  type  and 
geographical  location  was  sought.  Sites  were  therefore  selected  roughly  on  the  basis  of  the  number  of  base 
stations  installed  per  locality,  which  is  indicative  of  population  density  and  frequency  of  use.  Within  each 
locality,  base  station  sites  close  to  schools  were  audited  and  in  all  such  cases  the  adjacent  school  premises  were 
also  surveyed  carefully.  The  bulk  of  the  base  stations  selected  for  the  audit  survey  were  sited  over  commercial 
buildings  and  private  homes  within  or  in  the  vicinity  of  densely  built  residential  areas.  In  general,  and  wherever 
possible,  measurements  were  taken  over 
properties  neighbouring  the  selected  base 
station  sites.  Surveyed  areas  included 
accessible  recreational  open  spaces  situated  in 
the  vicinity  of  base  station  sites  selected  for 
audit.  Table  1  lists  the  base  station  sites  by 
type.  Commercial  buildings  included  hotels, 
shopping  outlets  of  varying  sizes,  showrooms, 
stores  and  industrial  units. 

Owing  to  expected  higher  power  density  levels 
and  for  reasons  of  greater  public  concern,  80% 
of  shared  sites  were  audited,  compared  to  62% 
and  45%  respectively  of  single  operator 
GSM900  and  GSM1800  base  stations.  Broad 
representation  on  the  basis  of  geographical 
location  and  population  density  was  also 
achieved. 

2.3  Field  survey  methodology 

The  project  started  when  European  measurement  standards  for  non-ionising  radiation  safety  assessment  were 
still  in  a  state  of  flux.  The  methods  adopted  were  inspired  by  Canadian  [5]  and  US  [6]  recommendations  and 
developed  by  the  author  in  the  light  of  his  own  research  and  local  experience.  However,  the  methods 
subsequently  described  in  the  CENELEC  preliminary  standard  prEN  50413  [7]  and  the  ECC  Recommendation 
[8]  are  similar  and  additional  techniques  were  shown  to  generate  useful  data  for  assessing  exposure  realistically 
at  most  transmission  sites  [3,  4,  9,  10]. 

Measurement  procedures  and  subsequent  analysis  were  geared  principally  toward  assessment  of  the  extent  of 
human  exposure  arising  from  operation  of  the  sources  present  at  the  investigated  sites.  Each  survey  started  with 
a  visual  inspection  of  the  antenna  site  and  all  transmitting  antennas  were  photographed  for  the  records.  The 
antenna  locations  were  marked  on  the  site  plan  and  notes  were  taken  describing  the  site,  access  restrictions  and 
antenna  configurations. 


Table  1:  Base  station  sites  classified  by  type 


SITE  TYPE 

Number  of 

Number 

base  stations 

surveyed 

Commercial  buildings 

105 

61 

Private  residences 

94 

41 

Social  clubs 

15 

10 

Churches 

11 

9 

Public  buildings 

9 

4 

Transmission  stations 

6 

1 

Old  people’s  homes 

5 

5 

Hospitals 

2 

2 

Schools 

2 

2 

Other 

22 

16 

TOTAL 

271 

151 

760 


C  V  SAMMUT 


The  field  survey  equipment  used  consisted  of  the  Narda  8718B  survey  meter  in  conjunction  with  the  models 
8760D  and  the  D8722D  broadband,  isotropic  electric  field  probes.  Summary  specifications  of  these  isotropic 
probes  are  listed  in  Table  2.  The  field  survey  started  with  a  preliminary  scan  of  the  site  conducted  by 
meandering  within  areas  where  exposure  was  expected  to  be  relatively  higher,  i.e.  along  the  transmission 
directions  facing  the  antenna  panels.  This  procedure  allowed  the  surveyor  to  establish  a  set  of  measurement 
points  that  included  regions  of  maximum  exposure.  However,  measurement  points  were  also  chosen  on  grounds 
of  site  use  by  the  public  or  authorised  personnel,  in  cases  where  the  site  was  not  accessible  to  the  public. 


Table  2:  Broadband  isotropic  field  probes  used  during  the  phase  field  surveys 


Model  No. 

Frequency 

Range 

Nominal  Measurement 
Range 

Frequency 

Response 

Sensor  Type 

Power 

Density 

E 

rvm-'i 

8760D 

300kHz  - 
3.0GHz 

5.0x10'-- 

l.OWm'2 

0.5-19.4 

Flat 

Compensated 

Diode 

D8722D 

300kHz  - 
50GHz 

0.3  -  300%^ 
of  Standard 

- 

Weighted 

Compensated 
Diode  and 
Thermocouple 

Referenced  to  ICNIRP  guideline  levels  for  occupational  exposure 


Three  main  measurement  modes  were  used,  depending  on  site-specific  suitability: 

Time  averaging  (TAV)  -  measurement  of  field  intensity  at  a  given  point  over  a  pre -defined  time  interval,  the 
survey  meter  storing  average  and  maximum  field  strengths  during  the  process.  About  1,500  such  measurements 
were  made  during  the  course  of  the  survey.  The  intervals  varied  between  10  and  120  seconds,  depending  on 
signal  variability.  At  none  of  the  sites  investigated  was  it  found  necessary  to  take  six-minute  time  averages 
because  the  power  density  levels  recorded  were  below  the  ICNIRP  reference  levels  for  exposure  of  the  public, 
as  recommended  in  [7]  and  [8]. 

Spatial  averaging  over  the  human  body  area  (BAV)  -  vertical  scan  with  the  probe  moved  at  a  slow,  steady  speed 
between  points  distant  10  and  200cm  above  ground  level  [3]  while  the  survey  meter  stores  the  average  and 
maximum  field  strengths.  Over  1,500  such  measurements  were  made  during  the  course  of  the  project.  This 
allowed  a  more  extensive  exposure  assessment  than  would  have  been  possible  with  the  more  laborious 
procedures  described  in  [5],  [7]  and  [8]. 

Extended  spatial  averaging  (ESA)  over  a  defined  three-dimensional  region  -  a  scan  of  a  defined  region  with  the 
probe  raised  and  lowered  at  a  steady  speed  while  zigzagging  systematically  through  the  designated  area,  the 
survey  meter  storing  average  and  maximum  field  strengths  during  the  process.  This  technique  was  reported  in 
[3]  and  further  validated  in  [4].  In  all,  277  ESA  measurements  were  conducted  at  various  sites  throughout  the 
project. 


2.4  Field  survey  results 

A  total  of  about  3,300  field  strength  measurements 
Summary  values  are  represented  in  Figure  2.  These 
strengths.  More  than  half  the  surveyed  sites  were 
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Figure  2:  Normalised  frequency  distribution  of 
measured  site  average  and  maximum  field  strengths. 


were  made  during  the  course  of  the  project  at  151  sites, 
values  represent  site  average  and  maximum  recorded  field 
found  to  have  average  exposure  levels  between  0.08  and 
0.47%  of  the  ICNIRP  public  exposure  level  (PEL), 
while  the  maximum  exposure  level  at  over  half  the  sites 
ranged  between  0.27  and  2.14%. 

At  two  sites  the  25%  ICNIRP  PEL  mark  was  exceeded 
but  at  locations  that  were  not  easily  accessible  to  the 
general  public.  At  one  particular  shared  site,  GSM900 
and  1800  base  stations  were  collocated  on  the  roof  of  a 
hotel  only  accessible  to  authorised  personnel  for 
maintenance  purposes.  Broadcast  radio  and  TV 
antennas  were  also  in  operation  at  that  site.  The 
maximum  measured  field  strength  recorded  from  the 
GSM  base  stations  was  29.3%.  A  BAV  of  61%  and  a 
maximum  of  382%  of  ICNIRP  PEL  were  also  recorded 
at  the  same  site  with  all  sources  operating  together.  It 
was  possible  to  identify  the  GSM  component  by 
collaboration  with  the  operators,  who  kindly  switched 
off  the  relevant  transmitting  antennas  during  part  of  the 
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survey  to  allow  measurement  of  the  non-GSM  component. 

Figure  3  shows  the  normalised  frequency  distribution  of  time  average  field  strengths  (TAV),  along  with  the 
maxima  recorded  during  these  measurements.  The  data  included  all  measurements  recorded  during  the  project 
at  all  the  sites  investigated,  except  for  the  extreme  values  mentioned  in  the  preceding  paragraph.  The 
distribution  indicates  predominantly  low  field  strengths.  Half  the  time  average  field  strengths  measured  were 
between  0.04  and  0.42%  of  ICNIRP  PEL  (Table  3),  while  half  the  maxima  were  between  0.05  and  0.51%. 


Table  3:  Statistical  summary  of  measured  field  intensity  in  %  of  ICNIRP  PEL 


TAV-AV 

TAV-MAX 

BAV-AV 

BAV-MAX 

ESA-AV 

ESA-MAX 

Lower  quartile 

0.04 

0.05 

0.03 

0.06 

0.04 

0.16 

Median 

0.14 

0.17 

0.08 

0.19 

0.09 

0.34 

Upper  quartile 

0.42 

0.51 

0.28 

0.55 

0.30 

1.05 

The  measured  BAV  field  strengths  show  similar  overall  characteristics,  in  that  they  are  predominantly  low,  as 
can  be  seen  from  Figure  4,  which  shows  the  frequency  distribution,  along  with  maxima  recorded  during  the 
averaging  process.  This  analysis  also  included  all  the  BAV  measurements  made  throughout  the  course  of  the 
project  at  all  the  sites  investigated,  except  for  the  mentioned  extreme  values.  As  indicated  in  Table  3,  half  the 
values  obtained  were  between  0.03  and  0.28%  of  ICNIRP  PEL,  while  half  the  recorded  maxima  were  between 
0.06  and  0.55%. 
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Figure  3:  Normalised  frequency  distribution  of 
measured  time  average  (TAV-AV)  and  maximum 
(TAV-MAX)  field  strengths. 

The  ESA  field  strength  values  obtained  are  represented 
in  Figure  5,  which  shows  the  frequency  distribution  of 
measured  extended  spatial  average  field  strengths  and 
maxima  obtained  during  the  averaging  process.  Some 
of  these  measurements  were  made  in  areas  not 
accessible  to  the  public  and  in  close  proximity  to  S' 
radiating  antennas  and  this  explains  the  relatively  -S 
higher  ESA-MAX  median  and  quartiles  given  in  = 
Table  2.  The  TAV-MAX  and  BAV-MAX  statistics  are 
close.  This  is  explained  when  considering  that,  during 
the  BAV  scans,  the  maximum  field  strength  was 
recorded  predominantly  at  about  2m  above  ground 
level,  where  most  TAV  measurements  were  made 
close  to  the  same  spot.  Measurements  at  this  level  tend 
to  be  higher  in  the  vicinity  of  a  transmitting  antenna, 
which  would  typically  have  its  main  beam  directed 
well  above  accessible  heights. 


Figure  4:  Normalised  frequency  distribution  of 
measured  body  average  (BAV-AV)  and  maximum 
(BAV-MAX)  field  strengths. 


%  ICNIRP  PEL 


Figure  5:  Normalised  frequency  distribution  of 
measured  extended  spatial  average  (ESA-AV)  and 
maximum  (ESA-MAX)  field  strengths. 


The  BAV  measurement  records  (about  1500)  were 
analysed  for  possible  variation  with  weekday  and  time  of  day.  From  Figures  6  and  7,  it  is  not  possible  to  draw 
suitable  conclusions,  when  one  considers  the  large  standard  deviation  in  the  data,  ranging  from  0.4  to  1.3  % 
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ICNIRP  over  the  week  days  Monday  to  Friday  (Table  3).  Such  variation  arises  as  a  consequence  of  the  fact  that 
field  measurements  were  conducted  at  many  different  locations  and  heights  with  respect  to  the  transmitting 
antennas  and  were  not  intended  to  monitor  diurnal  fluctuations  at  specific  locations. 
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Figure  6:  Variation  of  BAY-MAX  by  weekday.  Figure  7:  Diurnal  variation  of  BAY-MAX  (all  weekdays). 


3.  PHASE  II:  ONGOING  PROGRAMME  OF  AUDIT  SURVEYS 

At  some  shared  radio  sites,  non  GSM  sources  were  present  that  had  been  set  up  before  the  present  guidelines  [2] 
came  into  force.  It  had  been  clear  from  the  outset  that  at  such  transmission  sites,  field  intensity  apportionment 
and  careful  assessment  of  the  antenna  layout  and  transmission  equipment  were  required.  Flaving  completed  the 
first  phase,  the  scope  of  the  audit  surveys  was  therefore  widened  in  2004  to  include  all  telecommunications 
sources  within  the  remit  of  the  MCA.  Monitoring  compliance  is  now  the  major  objective,  since  increased 
awareness  of  the  general  public,  partly  resulting  from  the  phase  I  project,  has  somewhat  succeeded  in  allaying 
public  apprehension  toward  mobile  phone  base  station  emissions. 

MCA  now  has  an  ongoing  programme  to  verify  compliance  of  radio  transmission  sites  with  ICNIRP  reference 
levels  for  exposure  of  the  general  public.  MCA  technicians  were  trained  by  the  author  to  conduct  RF  emissions 
using  frequency  selective  and  broadband  techniques  based  on  those  outlined  in  [7]  and  [8],  Most  transmission 
sites  have  by  now  been  audited  at  least  once. 

The  main  instrument  being  used  for  the  frequency  selective  measurements  is  the  Narda  SRM  3000  in 
conjunction  with  an  isotropic  electric  field  probe,  covering  the  range  75MHz  to  3GHz.  Conventional  spectrum 
analysers  in  conjunction  with  single  axis  antennas  are  also  used  for  more  accurate  measurements  when  required. 

One  of  the  most  sensitive  sites  investigated  extensively  during  the  second  phase  was  the  area  surrounding  the 
island’s  main  telecommunications  tower  installed  at  the  village  of  Gharghur.  The  tower,  which  for  some  years 

has  been  a  source  of  concern  to  the  residents,  is  situated  about  400m 
from  a  primary  school  and  close  to  private  residences.  It  is  host  to  the 
main  broadcast  TV  and  radio  station  repeaters,  GSM  and  other 
communications  antennas,  as  well  as  microwave  links  (Figure  8).  Six- 
minute  frequency  selective  time  average  field  strength  measurements 
were  made  at  15  carefully  chosen  locations  in  this  village,  including 
two  inside  the  neighbouring  school  and  several  within  private 
residences.  Figure  9  represents  the  summary  results  including  all 
emissions  within  the  frequency  range  75  MHz  to  3  GHz.  Again,  the 
measured  field  intensities  were  relatively  low,  even  within  the  tower 
precincts.  The  highest  level  recorded  was  10%  of  ICNIRP  PEL  on  a 
first  floor  terrace  at  a  nearby  residence. 

Measurements  conducted  so  far  have  rarely  resulted  in  field  strengths 
higher  than  about  5%  of  ICNIRP  PEL.  More  accurate  measurement 
techniques  than  those  afforded  by  isotropic  probes  place  an  additional 
burden  not  required  for  the  purpose  of  site  compliance  certification. 
Field  calculations  will  soon  form  part  of  the  ongoing  programme  of 
radiation  hazard  assessment.  The  database  will  incorporate  all  licensed 
transmission  sources  and  shall  include  technical  details  sufficient  to 
permit  field  calculations.  These  will  be  used  to  generate  worst-case 


Figure  8:  The  Gharghur  telecoms 
tower. 
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exposure  scenarios  in  support  of  the  measurement  campaigns  and  should  serve  as  an  important  tool  in  educating 
the  general  public,  apart  from  helping  to  dispel  misconceptions  concerning  emission  levels. 

%  ICNIRP  PEL 


0.10  1.00  10.00  100.00 


Figure  9:  Summary  of  Gharghur  survey  results, 
indicating  total  field  intensity  from  all  sources  obtained 
by  taking  six-minute  time  averages  at  15  different 
locations  in  the  village. 


3.  SUMMARY 

A  three-year  national  survey  of  emissions  from  GSM  base  stations  in  Malta  started  during  2002.  This  project 
was  concluded  and  showed  that  the  emissions  in  all  areas  accessible  to  the  general  public  were  well  below  the 
ICNIRP  reference  levels  for  exposure  of  the  general  population. 

As  part  of  this  project,  a  detailed  database  containing  relevant  information  on  each  operational  base  station  was 
constructed  and  field  simulations  made  on  the  basis  of  the  data  supplied  by  the  operators.  Although  specific 
values  of  calculated  and  measured  fields  only  concur  moderately  because  of  the  variability  of  network  use  and 
clutter  occurring  within  built  environments,  field  calculation  is  a  valuable  tool  that  can  be  used  to  establish 
worst-case  exposure  to  electromagnetic  fields  and  is  useful  in  cases  where  certification  of  site  compliance  is 
required  as  a  precondition  to  granting  of  transmission  permits. 

Recently,  MCA  has  updated  measurement  and  survey  techniques  in  line  with  the  preliminary  CENELEC 
standard  prEN  50413  [7]  and  a  Recommendation  of  the  ECC  [8].  All  telecommunications  sources  are  now 
being  targeted  in  this  second  phase,  which  aims  to  survey  fixed  transmission  sites  periodically. 

Finally,  it  is  observed  that  broadband  field  measurement  techniques  used  during  the  first  phase  resulted  in  many 
more  measurements  than  were  feasible  with  narrowband  techniques,  especially  when  conducting  six-minute 
averaging.  The  case  for  narrowband  measurements  when  conducting  compliance-oriented  field  surveys  can 
only  really  be  justified  at  sites  found  close  to  the  prevalent  limit  level  as  this  would  allow  apportionment  by 
source.  Furthermore,  although  taking  a  six-minute  time  average  is  better  than  averaging  over  shorter  time 
intervals,  in  the  latter  case  more  such  measurements  may  be  made  with  minimal  additional  effort.  This  could 
give  a  better  picture  of  the  prevailing  exposure  scenario  at  the  site  under  investigation  since,  in  the  case  of 
cellular  networks,  the  power  output  fluctuates  significantly  over  short  time  spans.  Supporting  such  field 
surveys  with  reliable  worst-case  field  calculations  provides  an  economical  and  reliable  means  of  examining  site 
compliance. 


ACKNOWLEDGMENTS 

The  author  wishes  to  acknowledge  the  support  of  MNL,  for  providing  the  test  equipment  and  logistics  during 
phase  I  of  the  project  and  MCA  for  financing  this  phase  and  assisting  in  the  often  complicated  logistical 
arrangements  required  during  the  measurement  campaigns. 

The  author  is  indebted  to  John  Bugeja  (MNL)  for  assisting  in  the  audit  surveys  conducted  during  phase  I  and 
acknowledges  the  support  of  Joanna  Formosa  Borg,  Brian  Sghendo  and  Kevin  Aquilina  from  MCA,  who  have 
conducted  most  of  the  work  during  phase  II. 


764 


C  V  SAMMUT 


REFERENCES 

[1]  S  Steward,  Mobile  Phones  and  Health.  A  report  from  the  Independent  Expert  Group  on  Mobile  Phones. 
Independent  Expert  Group  on  Mobile  Phones  Secretariat. 

[2]  Report  on  Recommendations  for  Limiting  Human  Exposure  to  Time  Varying  Electric,  Magnetic  and 
Electromagnetic  Fields  in  the  Frequency  Range  from  0  Hz  to  300  GHz,  Ministry  of  Transport  and 
Communications,  Ministry  of  Health  and  Ministry  for  Social  Policy,  Malta. 

[3]  C  V  Sammut  and  A  Micallef,  A  An  Extensive  RE  Emissions  Survey  at  Cellular  Mobile  Phone  Base  Station 
Sites  in  Malta,  Proceedings  of  the  2nd  International  Workshop  On  Biological  Effects  of  Electromagnetic 
Fields,  7-11  October  2002,  Rhodes,  Greece,  977-986. 

[4]  C  V  Sammut  and  A  Micallef,  Analysis  of  a  simple  technique  for  measuring  the  average  exposure  to 
electromagnetic  fields  over  an  extended  region  of  space,  3rd  International  Workshop  On  Biological 
Effects  of  Electromagnetic  Fields,  4-8  October  2004,  Kos,  Greece,  832-836. 

[5]  Limits  of  Human  Exposure  to  Radiofrequency  Electromagnetic  Fields  in  the  Frequency  Range  from  3  kHz 
to  300  GHz,  Safety  Code  6,  Environmental  Health  Directorate,  Minister  of  Public  Works  and  Government 
Services,  Canada  1999. 

[6]  Evaluating  Compliance  with  FCC  Guidelines  for  Human  Exposure  to  Radiofrequency  Electromagnetic 
Fields,  OET  Bulletin  65,  Edition  97-01,  Federal  Communications  Commission,  Office  of  Engineering  & 
Technology,  August  1997. 

[7]  prEN  50413:  Basic  Standard  on  measurement  and  calculation  procedures  for  human  exposure  to  electric, 
magnetic  and  electromagnetic  fields  (0  Hz  -  300  GHz),  CENELEC,  2006. 

[8]  ECC/REC/(02)04,  Measuring  non-ionising  electromagnetic  radiation  (9kHz  -  300  GHz),  Revised  ECC 
Recommendation  (02)04,  Electronic  Communications  Committee  within  the  European  Conference  of 
Postal  and  Telecommunications  Administrations,  October  2003. 

[9]  C  V  Sammut  and  A  Camilleri,  An  Extensive  Survey  of  RF  Emissions  at  Cellular  Mobile  Phone  Base 
station  sites  in  Malta  and  Gozo:  First  Year,  XII  Annual  Engineering  Conference:  Engineering  the 
Environment,  21  May  2003,  St.  George’s  Bay,  Malta. 

[10]  C  V  Sammut,  Exposure  to  electromagnetic  fields  from  cellular  phone  base  stations  in  Malta:  Final  report 
of  the  three-year  national  survey,  Malta  Communications  Authority,  2006. 


765 


THE  ETIOLOGY  OF  MELANOMA 


ORJAN  HALLBERG 

HALLBERG  INDEPENDENT  RESEARCH 

POLKA  VAGEN 14B,  142  65  TRANGSUND ,  SWEDEN 
http://hir.nu 


Abstract 

The  main  purpose  of  this  project  was  to  find  a  possible  explanation  for  the  steadily  increasing  incidence  of 
melanoma  in  Western  countries  since  the  mid-20th  century.  A  secondary  purpose  was  to  develop  models  with 
predictive  value  in  order  to  estimate  future  melanoma  trends.  Results  indicate  that  the  immune  defense  system 
for  cell  repair  and  apoptosis  was  disrupted  by  body-resonant  broadcasting  radiation  from  FM  towers,  and  that 
this  disturbance  can  fully  explain  both  local  and  temporal  variations  in  melanoma  incidence  and  mortality. 

Introduction 

In  May  1998  the  author  became  aware  that  at  the  end  of  the  1950’s,  there  was  a  sudden  increase  in  melanoma 
incidence  in  Sweden;  this  coincided  with  a  time  when  the  country  was  in  the  midst  of  the  process  of  gradually 
becoming  covered  with  FM  and  TV  broadcasting  towers.  This  realization  led  to  a  study  comparing  Nordic 
countries  with  the  USA  to  see  if  there  was  any  association  between  melanoma  incidence  and  the  appearance  of 
large  numbers  of  FM  broadcasting  towers.  A  second,  later  study  investigated  the  geographical  variation  of 
melanoma  incidence  in  Sweden  and  its  possible  correlation  with  the  geographical  variation  of  other  cancers.  In  a 
third  study,  melanoma  incidence  over  time  was  compared  with  the  advent  of  FM  broadcasting  in  Swedish 
counties  and  with  increasing  habits  of  taking  charter  travels  to  sunnier  resorts.  A  fourth  study  investigated  if 
melanoma  incidence  could  successfully  be  modeled  as  a  response  to  sudden  changes  in  environmental  stress.  A 
theory  and  model  to  explain  the  increased  incidence  of  melanoma  were  then  developed,  and  the  model  was  then 
refined  to  take  into  account  the  observation  that  UV  radiation-induced  cell  damage  is  cumulative  but  normally 
compensated  for  by  a  cell  repair  process  that  was  assumed  to  have  become  less  efficient  from  a  specific  point  in 
time. 

Summary 

An  initial  study  showed  that  Nordic  countries  and  the  USA  both  appeared  to  have  the  same  exposure-time- 
specific  incidence  of  melanoma,  despite  the  fact  that  the  advent  and  subsequent  spread  of  FM  transmitter 
appearance  differed  among  the  different  countries  [1].  A  second  study  showed  that  the  incidence  of  some  cancers 
correlated  with  variations  in  melanoma  incidence  across  the  Swedish  counties,  while  others  (e.g.  leukemia)  did 
not  [2].  Melanoma  also  appeared  to  persist  at  a  low  and  stable  incidence  in  the  counties  as  long  as  FM 
transmitters  had  not  yet  been  substantially  introduced.  Mortality  from  existing  cases  of  melanoma  showed  an 
immediate  increase  that  correlated  with  the  introduction  of  FM  broadcasting  towers,  and  the  incidence  of  new 
cases  started  to  increase  a  few  years  after  the  spread  of  FM  towers  [3].  Melanoma  incidence  appeared  to  be 
significantly  correlated  with  the  number  of  main  FM  towers  simultaneously  covering  an  area  [4].  A  model  for 
melanoma  incidence  was  developed  based  on  a  statistical  distribution  of  the  time  from  the  introduction  of  FM 
broadcasting  until  the  onset  of  melanoma  [4,  5].  Finally,  it  was  also  shown  that  a  model  based  on  a  precipitous 
decrease  in  the  efficiency  of  the  immune  defense  system  (presumably  caused  by  FM  broadcasting  towers)  was 
able  to  accurately  predict  the  reported  age-standardized  incidence  and  age-specific  incidence  of  melanoma  for  all 
birth  cohorts  during  the  20th  century  [6]. 

The  project  concluded  that  body-resonant  radiation  from  FM  broadcasting  towers  may  disturb  cell  repair  and 
apoptosis  processes  and  that  this  may  be  one  of  the  most  important  factors  behind  the  observed  increase  in 
melanoma  rates  in  the  Nordic  countries.  Normal  broadcasting  radiation  is  not  likely  to  be  able  to  cause  cellular 
damage  de  novo,  but  may  be  able  to  weaken  defenses  against  cellular  damage  that  may  be  caused  by  pervasive 
“natural”  sources  such  as  UV  exposure  etc.  It  would  seem  logical  to  extend  this  study  to  similarly  review  lung 
cancer  and  breast  cancer  to  examine  the  possibility  of  a  correlation  between  these  cancers  and  FM  broadcasting 
radiation. 
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Abstract 

A  calibration  method  for  optical  tweezers,  based  on  equilibration  with  a  dielectrophoretic  force,  is  presented. 
The  analytical  method  for  the  computation  of  the  dielectrophoretic  force  is  based  on  a  mathematical  model  using 
Green’s  theorem.  The  dependence  of  the  optical  force  profile  on  the  particle  position  between  the  electrodes  and 
on  the  vertical  axis  is  rigorously  analysed  and  the  best  operating  conditions  are  determined. 

In  order  to  have  an  experimental  validation  of  the  model,  we  used  a  dielectrophoretic  chamber  with  planar 
electrodes  and  a  laser  diode  optical  tweezers  (800  nm).  A  suspension  of  red  blood  cells  was  placed  between  the 
electrodes  of  the  dielectrophoretic  chamber  and  the  optical  trapping  force  was  measured  under  different 
conditions. 

We  show  that  by  applying  simultaneously  dielectrophoretic  and  optical  forces  on  a  cell,  the  evaluation  of 
intracellular  dielectric  parameters  (i.e.  cytoplasmic  and  membrane  conductivity  in  normal  and/or  pathological 
states)  at  a  single  cell  level  is  possible. 


Introduction 

Micromanipulation  of  cells  has  become  in  the  last  years  an  important  tool  for  the  fundamental  research  as  well  as 
for  some  clinical  applications.  There  are  different  techniques  to  do  this,  including  micropipettes, 
microelectrodes,  optical  and  magnetic  traps.  When  comparing  these  techniques,  there  are  of  course,  for  each  of 
them,  advantages  and  disadvantages,  but,  the  most  important  and  decisive  advantage  of  optical  and  magnetic 
traps  is  the  minimal  mechanic  contact  with  the  cell,  optical  and  magnetic  trapping  being  nowadays  considered  to 
be  the  less  invasive  micromanipulation  methods. 

For  research  purposes,  the  method  can  be  used  to  put  cells  into  contact,  to  measure  interaction  forces  between 
cells  and  /  or  molecules  (e.g.  ligand  -  receptor  interaction  forces).  The  main  problem  in  pursuing  such 
experiments  is  to  calibrate  the  trapping  force.  In  the  following  we  will  focus  our  attention  only  on  optical  trap 
force,  but  the  rationale  can  be  used  as  well  for  the  magnetic  trap. 

We  will  show  that  one  can  use  the  dielectrophoretic  force  as  a  quite  simple  and  reliable  tool  to  calibrate  the 
optical  trap  force,  and,  based  on  this,  we’ll  show  interesting  possibilities  to  determine  some  physical  properties 
of  cells  in  relation  with  their  physiological  state. 


Principles  of  the  optical  trap 

Optical  traps  (or  tweezers)  were  first  described  by  Ashkin  [1-3]  and  are  based  on  the  interaction  of  light  with  a 
particle.  In  this  interaction  different  regimes  of  theoretical  approach  can  be  distinguished  based  on  the  ratio  of 
the  incident  light  wavelength  A  to  the  diameter  d  of  the  irradiated  particle:  Rayleigh  Regime  ( /./20  »  d ), 
Lorenz-Mie  Regime  ( A  ~  d )  and  Ray  Optics  Regime  ( A/ 20  «  d  ).The  net  force  is  the  result  of  a  combination 
of  two  different  components:  scattering  force  and  gradient  force.  In  the  Rayleigh  Regime  the  particle  is  acting 
like  an  induced  dipole  in  the  electric  field  of  the  laser  beam.  The  expressions  of  the  forces  are: 
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Fsca,Xr)=Zn, 


(1) 


FgrJr)=^aVE{r,t)2 


grad  V  ~  )*/  C) 

where  (S  )7  is  the  temporal  average  of  the  Poynting  vector,  which  defines  the  intensity  of  the  laser  beam, 


a  =  —7i{kafa 

3  '  U  +2 


n1  - 1  j  is  the  cross  section  of  the  particle,  Z  is  the  laser  beam  direction,  nm  is  the  relative 
refractive  index,  a  is  the  radius  of  the  particle,  k  =  2k/ A  is  the  wave  number,  C  represents  the  light  speed  in 


vacuum,  E  is  the  electric  field  and  n  is  the  absolute  refractive  index  of  the  particle. 

For  a  spherical  particle  in  Ray  Optic  Regime,  Ashkin  established  formulae  for  these  two  forces  as  a  function  of 
the  Fresnel  coefficients  [1].  The  expressions  can  be  deduced  based  on  geometrical  optics  laws,  their  scalar  form 
being: 
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Fgrad 
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where  P  is  the  power  of  the  incident  beam,  //  is  refractive  index  of  the  particle,  R  and  T  are  the  reflectance 

and  transmittance  coefficients,  9  and  r  are  the  incident  and  refracted  angles.  The  expressions  (3)  and  (4)  are 
true  for  a  “normal”  light  ray.  The  laser  beam,  being  a  bundle  of  rays,  has  a  specific  profile  which  has  a 
significant  contribution  to  the  gradient  force. 

Finally,  the  net  force  exerted  on  the  particle  is  given  by  the  expression 

Fopuc=Q—  (5) 

c 

where  Q  is  a  scaling  constant  which  depends  on  the  size  of  the  particle  and  the  refractive  index  difference 
between  the  particle  and  the  surrounding  medium,  P  is  the  power  of  incident  laser  beam,  n  ,  is  the  refractive 
index  of  the  medium  and  C  is  the  light  speed  in  vacuum. 

Summarizing,  one  can  say  that  the  optical  force  is  proportional  to  the  power  of  the  laser  beam,  and  depends  on 
some  physical  properties  of  the  particle.  To  calibrate  the  laser  trap  means  to  determine  this  scaling  factor,  Q  . 


Calibration  methods 

There  are  two  main  calibration  methods  which  are  presently  used  for  optical  traps: 

Brownian  movement  analysis:  this  method  is  based  on  the  statistical  analysis  of  the  Brownian  movement  of 
a  trapped  particle,  from  which  one  can  learn  about  the  trapping  force.  The  method  implies  an  extremely 
rigorous  temperature  control  of  the  microscope  stage,  which  is  not  technically  trivial  considering  that  the 
laser  beam  itself  provoke  some  local  heating  of  the  sample,  and  sophisticated  mathematics  for  image 
analysis; 

Viscous  drag  of  the  trapped  particle:  the  particle  is  placed  in  a  capillary  tube  with  a  constant  known  diameter 
through  which  the  suspension  buffer  flows  with  a  constant  speed.  A  particle  is  trapped,  and  the  flowing 
speed  is  increased  until  the  particle  escapes.  Assuming  that  the  flow  is  Newtonian,  one  can  calculate  the 
viscous  force,  which,  at  that  moment,  equals  the  optical  force.  The  major  problem  with  this  method  is  to 
ensure  a  real  Newtonian  flow  through  the  capillary. 

In  this  paper  we  describe  a  calibration  method  based  on  the  dielectrophoretic  force  exerted  on  the  trapped 
particle. 

The  dielectrophoretic  force  exerted  on  a  particle  depends  on  the  induced  dipole  moment  and  is  unaffected  by  the 
direction  of  the  electric  field,  responding  only  to  the  field  gradient.  Accordint  to  Pohl  [4],  the  dielectrophoretic 
force  is  given  by  the  expression: 

FDEP=(Peff-V)E o  (6) 

For  a  spherical  particle  of  radius  r  ,  the  dielectrophoretic  force  is  given  by  the  expression: 
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where  Sm  ,  £ p  are  the  complex  permitivities  of  the  medium  and  the  particle  respectively  and  CO  is  the  angular 
frequency  of  the  applied  field.  For  a  particle  with  shell,  the  expression  of  the  complex  permitiviy  becomes: 
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The  computation  of  the  root  mean  square  of  the  electric  field  at  a  specified  point  between  and  over  the  electrodes 
is  made  using  the  second  Green’s  identity: 

0 - 0 - 

v  dn  8n 


J  t/E(0V2xP  -'EY2©)  =  §dA 


(11) 


V  A 

One  of  the  function  ( 0  )  is  choosen  to  be  the  potential  between  electrodes  ( z  =  0 ),  V"0  =  0  and  the  other 
('P  )  is  a  Green  function  given  by  V  ~  *P  ( r ,  r()  j  =  —AnS  ( /'  —  >~{] )  •  Determination  of  the  Green  function  is 
made  using  the  mirror-image  method. 
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The  first  order  approximation  (assuming  that  the  potential  varies  linearly  between  the  two  electrodes)  is  used,  so 
that  the  boundary  conditions  are  given  by: 
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Where  A  is  half  distance  between  the  electrodes. 
The  expression  for  the  electrical  field  is  then: 
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After  an  algebric  calculation,  the  root  mean  square  of  E  ~  becomes,  as  it  was  shown  by  [5]: 


(13) 


(14) 
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For  the  particular  case  of  our  dielectrophoretic  cell,  the  root  mean  square  of  E  has  the  profile  shown  in  Fig.  1. 


Figure  1 :  Distribution  of  root  mean  square  of  E~  between  the  electrodes  of  the  dielectrophoretic  chamber.  The 
x  axis  is  along  a  direction  within  the  plane  of  the  cell  and  perpendicular  to  the  electrodes,  while  the  y  axis  is 
perpendicular  to  the  plane  of  the  cell  and  along  the  optical  axis  of  the  microscope. 


The  value  of  the  dielectrophoretic  force  can  thus  be  calculated  by  introducing  this  last  equation  in  (7). 

As  an  example,  we  give  the  profile  of  the  horizontal  (x)  component  of  the  force  in  the  case  of  our  experimental 
setup,  at  two  different  constant  heights  (5  pm  and  35  pm)  above  the  plane  of  the  cell,  as  a  function  of  the 
position  of  the  particle  between  the  electrodes  (Fig.  2).  In  this  case  the  distance  between  electrodes  is  100  pm  (A 
=  50  pm) ,  and  the  voltage  is  V  =  ±1.5  V 


Ml*") 


x  (|im) 


Figure  2:  The  x-component  force  profile  computed  as  a  gradient  of  E2rms  at  two  different  heights  above  the 
plane  of  the  dielectrophoretic  cell :  (a)  y  =  5  5  pm  and  (b)  y  =  35  pm.  The  gap  between  the  electrodes  lays  from 
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-50  pm  to  50  jtim  along  the  x  axis. 


The  vertical  component  of  the  force  can  be  also  computed,  but  it  is  less  important  for  our  purposes. 


Experimental  protocol  and  results 

The  optical  tweezers  we  used  was  built  on  a  normal  optical  microscope  (IOR  MC9)  on  which  a  laser  diode  of 
830  nm  wavelegth  and  40  mW  maximum  power  was  mounted.  Maximum  27  mW  power  was  getting  out  of  the 
lens  in  the  focal  plane,  as  measured  by  a  power-meter.  The  diode  was  connected  to  a  variable  power  supply 
which  allows  adjustment  of  the  laser  beam  output  power. 

The  dielectrophoretic  chamber  consisted  of  two  thin  planar  electrodes  deposited  on  a  microscope  slide  at  a 
distance  of  2 A  =  100 /MU  .  The  electric  field  was  applied  by  a  computer  controlled  function  generator  (PC 
Generator  PCG10/K8016  Welleman  Instruments).  For  calibration,  red  blood  cells  with  dielectric  parameters, 
£int  =50£0  and  crmt  =0.5  S-m  \  Smem  =11.3<?0  and  crmt  =10  7  S  ■  m  '  were  used.  The  suspension 
buffer  was  a  0.3  M  Mannitol  solution  at  pH  =  7.4  and  dielectric  parameters:  £ med  =  S0s()  and 
<Tmed  =235  pS-crnx . 

All  measurements  were  performed  using  a  100X  microscope  lens  with  1.25  numerical  aperture. 

The  first  step  is  to  determine  the  output  force  of  hte  laser  beam  at  the  focal  point  as  a  function  of  the  applied 
voltage  on  the  diode.  This  is  done  by  using  an  appropriate  power-meter  and  measuring  the  emitted  power  at 
different  voltages.  The  results  can  be  seen  in  Fig.  3. 
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Figure  3:  Laser  beam  power  calibration,  as  a  function  of  the  electric  power  applied  to  the  laser  diode. 


After  this  first  step,  we  used  a  standard  procedure  which  consists  in  the  following: 

a  cellular  suspension  is  placed  on  the  dielectrophoretic  chamber  and  mounted  on  the  microscope; 
a  cell  which  lays  between  the  electrodes,  but  closer  to  one  of  them  is  trapped  in  the  laser  beam  using  the 
maximum  laser  power; 

then  an  AC  field  of  1  MFlz  frequency  and  very  low  voltage  amplitude  is  applied  on  the  electrodes.  As  a 
result,  a  dielectrophoretic  force  will  act  on  the  trapped  cell,  which  depends  on  the  cell  diameter  and  its 
position  between  the  electrodes  (the  x  position)  and  along  the  vertical  (y)  axis; 

the  voltage  is  then  increased  until  the  cell  escapes  the  trap  (at  this  moment  the  dielectrophoretic  force  equals 
the  optical  force);  introducing  this  last  value  of  the  voltage  in  equations  (15)  and  (7),  one  can  compute  the 
optical  force  exerted  by  the  laser  on  the  cell. 

We  measured  these  forces  for  red  blood  cells  at  different  intervals  after  the  blood  collection  and  different  times 
after  withdrawal  of  the  sample  from  the  refrigerator. 

Some  representative  results  can  be  seen  in  Figs.  4  and  5. 
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(a)  (b) 

Figure  4:  Optical  trap  force  as  a  function  of  the  applied  laser  power,  measured  soon  after  the  sample  was  taken 
out  of  the  refrigerator(a)  and  2  h  later  (b) . 


Inspecting  Fig.  4  it  can  be  seen  that  the  dependence  is  linear.  It  can  also  be  seen  that  in  similar  conditions,  cells 
which  were  kept  for  longer  periods  at  the  room  temperature  (Fig.  4b)  present  a  much  higher  dispersion  than 
samples  measured  immediately  after  they  were  taken  out  of  the  refrigerator. 

In  Fig.  5  we  present  results  obtained  on  cells  with  the  same  diameter  (2.6  pm),  at  different  storage  times  (1st  day 
after  blood  collection  (a)  and  5th  day  after  (b)). 


Figure  5:  Optical  trap  force  as  a  function  of  the  applied  laser  power,  measured  at  two  different  blood  storage 
periods  (a  )-  1st  day  after  blood  collection  and  (b)  -  5,h  day  after  blood  collection  . 


It  can  be  seen  that  at  the  same  laser  power,  the  resulting  optical  force  is  lower  as  the  sample  becomes  older, 
although  the  dispersion  of  the  data  remains  almost  unchanged  (e.g.  for  6  mW  laser  power,  the  optical  force  is  5.5 
pN  in  Fig.  5a,  and  6.5  pN  in  Fig.  5b). 


Discussions 

We  have  shown  that  dielectrophoretic  force  can  be  used  to  calibrate  an  optical  trap  force  using  an  adequate 
model.  On  the  other  hand,  analysing  the  behaviour  of  the  cells  in  an  optical  trap  combined  with 
dielectrophoresis,  we  were  able  to  detect  significant  differences  in  the  cell’s  response,  depending  on  their 
metabolic  state. 

Considering  that  the  optical  trap  force  depends  essentially  on  the  cell  surface  and  the  cytoplasmic  refractive 
index,  it  is  obvious  that  biochemical  modifications  associated  with  different  states  of  the  cell  will  influence  its 
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behaviour  in  the  optical  trap. 
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Abstract 

Communication  systems  with  several  antennas  at  the  transmitting  and  receiving  end  are  called  multiple  input 
multiple  output  (MIMO)  systems.  In  a  first  approach  it  is  shown  that  demanding  a  certain  capacity  expressed  as 
information  per  bandwidth  and  time  (in  bit/Hz/s)  MIMO  systems  permit  a  significant  reduction  of  transmit 
power.  Therefore,  also  the  specific  absorption  rate  (SAR)  in  the  human  head  decreases.  In  a  second  approach  the 
total  transmit  power  is  held  constant.  In  this  case  the  increased  capacity  of  a  MIMO  system  leads  to  a 
performance  increase  by  which  the  time  of  the  data  transmission  can  be  reduced.  There  exist  different  MIMO 
schemes:  systems  without  channel  state  information  available  at  the  transmitter  or  systems  having  full  channel 
knowledge  at  the  transmitter.  Comparing  these  schemes  we  show  that  MIMO  systems  show  a  better  performance 
in  terms  of  exposure  than  classical  single  antenna  systems.  The  exposure  efficiency  of  a  system  as  quotient  of 
capacity  and  SAR  is  suggested  as  a  measure  of  the  exposure. 

Introduction 

There  are  limit  values  concerning  the  human  exposure  to  electromagnetic  fields  (EMF).  A  lot  of  countries  refer 
to  the  ICNIRP  Guidelines  [1].  For  the  far  field  exposure  due  to  base  stations  the  exposure  can  be  conveniently 
described  by  the  electric  field  strength  ( E )  or  the  power  density  ( S ).  For  the  human  head  held  close  to  a  mobile 
phone  there  is  a  strongly  varying  near  field  over  different  tissue  types.  Therefore,  a  determination  of  the  specific 
absorption  rate  (SAR)  is  necessary.  The  exposures  which  encounter  in  real  life  due  to  base  and  mobile  stations 
are  very  different  compared  to  the  limit  values.  Safety  distances  to  base  stations  based  on  the  ICNIRP 
Guidelines  [1]  are  typically  just  a  few  meters  [2].  Thus,  the  exposures  due  to  base  stations  are  usually  well  below 
the  limits.  However,  concerning  the  exposure  to  mobile  phones  some  phones  are  quite  close  to  the  SAR  limit  [3]. 

Classical  systems  consist  of  one  antenna  at  the  transmitter  and  one  antenna  at  the  receiver.  These  are  named 
Single  Input  Single  Output  (SISO)  systems.  Recently,  wireless  communication  systems  with  multiple  transmit 
and  multiple  receive  antennas  are  subject  to  many  research  activities.  In  these  Multiple  Input  Multiple  Output 
(MIMO)  systems,  smart  antenna  techniques  are  exploited  on  both  sides  of  the  link.  Simple  MIMO  systems  have 
got  no  information  about  the  propagation  channel  at  the  transmitter.  In  systems  with  channel  knowledge  the 
antenna  arrays  are  adapted  to  the  spatial  properties  of  the  propagation  channel.  The  increased  performance  of 
MIMO  systems  in  terms  of  capacity  can  be  used  to  lower  the  transmit  power  leading  to  a  lower  exposure.  The 
first  approach  to  examine  the  exposure  of  MIMO  systems  presented  in  this  paper  is  based  on  the  decrease  of  the 
transmit  power  to  achieve  the  same  capacity  as  in  SISO  systems.  On  the  other  hand  in  a  second  approach 
presented  in  this  paper  the  transmit  power  is  held  constant  for  SISO  and  MIMO.  The  increase  in  capacity  is  set 
into  a  relation  with  the  SAR.  Therefore,  this  approach  shows  that  MIMO  systems  will  result  in  lower  doses. 

Since  the  propagation  channel  is  non-static  the  capacity  is  a  random  variable.  In  the  investigations  done  here  the 
term  capacity  refers  to  an  outage  capacity  of  10  %.  I.e.  the  calculated  capacities  are  not  reached  in  10  %  and 
exceeded  in  90  %  of  the  realizations. 
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Handy  Model 

The  simulation  model  of  the  handheld  device  consists  of  a  metallic  block,  representing  the  battery  and  the 
display  of  the  device,  and  a  PVC  housing  (cf.  Fig.  1).  The  size  of  the  housing  is  55  x  1 15  x  27  mm3.  The  metallic 
block  is  40  x  80  x  10  mm3  in  size.  A  standard  type  of  miniaturized  antennas  (Inverted-F)  is  built  in  the  mobile 
phone.  One,  three  or  four  Inverted-F  antennas  are  mounted  onto  the  metallic  block  spatially  separated  and  with 
different  orientations  to  exploit  different  diversity  techniques,  such  as  spatial,  pattern  and  polarization  diversity. 
Usually  Inverted-F  antennas  require  an  infinite  ground  plane,  which  is  not  available  in  the  small  hand-held 
device.  Thus  the  metallic  block,  representing  the  ground  plane,  acts  as  a  part  of  the  antennas  and  influences  the 
shape  of  the  patterns  and  the  mutual  coupling  impedances.  Detailed  residts  on  design  and  performance  of  these 
MIMO  hand-held  models  can  be  found  in  [4]. 

An  operating  frequency  of  2  GHz  and  a  bandwidth  of  3.84  MHz  are  considered  for  all  the  simulations 
performed.  The  maximum  value  of  the  localized  SAR  is  averaged  over  any  10  g  tissue  SARi0g.  The  calculation 
is  done  numerically  with  FEKO  [5]. 


Fig.  1:  Model  of  a  hand-held  device  equipped  with  four  Inverted-F  antennas. 


The  hand-held  device  is  attached  to  a  phantom  head,  which  has  the  size  and  the  shape  of  an  adult  human  head 
(density  1000  kg/m’)  and  adequate  dielectric  properties  (er  =  40,  <7=  1.4  S/m)  (cf.  Fig.  2). 


Fig.  2:  Model  of  the  user's  head  where  the  mobile  phone  is  attached. 


Model  for  the  Propagation  Channel 

The  campus  of  the  University  of  Karlsruhe  was  modeled.  Therefore,  an  outdoor  scenario  is  considered  for  the 
wave  propagation  channel.  The  base  station  is  mounted  3  m  above  the  roof  top  of  one  of  the  highest  buildings  of 
the  campus.  The  mobile  phone  is  located  at  about  1000  randomly  chosen  positions  on  street  level.  By  a  ray¬ 
tracing  technique  the  waves  between  the  mobile  and  the  base  station  are  calculated  [6], 
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Base  Station  Antennas 

The  base  station  is  equipped  with  one  antenna  for  the  SISO  case  and  three  antennas  with  spacings  of  1  m  for  the 
MIMO  cases.  The  commercially  available  base  station  antenna  Kathrein  type  735147  is  used  and  modeled  [2], 
The  radiation  pattern  illuminates  a  120°  sector  in  the  azimuth  plane.  The  elevation  pattern  is  tilted  down  by  5°, 
see  Fig.  3. 


90 


Fig.  3:  Radiation  pattern  of  a  base  station  antenna  in  azimuth  and  elevation. 


MIMO  schemes 

MIMO  systems  can  be  classified  by  the  transmission  scheme  applied.  It  is  important  to  distinguish  between 
MIMO  systems  with  and  without  channel  state  information  (CSI)  at  the  transmitter.  In  other  words,  it  has  to  be 
distinguished  between  transmitters  that  do  know  or  do  not  know  the  channel.  The  channel  can  only  be  estimated 
by  the  receiver.  To  supply  the  transmitter  with  the  channel  knowledge,  it  has  to  be  transmitted  back  to  the 
transmitter.  (For  time  division  duplex  systems  reciprocity  may  be  applied).  This  back  transmission  of  the 
channel  state  information  is  difficult  to  realize  and  reduces  the  data  rate  available  for  the  user  of  the  link. 
Therefore,  MIMO  systems  which  do  not  need  to  know  the  channel  at  the  transmitter  are  very  attractive.  On  the 
other  hand,  the  optimal  capacity  of  a  MIMO  system  is  only  reached  with  perfect  channel  knowledge  at  the 
transmitter.  Thus,  to  reach  very  high  data  rates,  the  transmitter  must  be  informed  about  the  channel.  To  reduce 
the  complexity  of  MIMO  systems,  systems  that  do  only  beamforming  on  both  sides  of  the  link,  are  an  attractive 
option.  Those  systems  do  not  (except  for  a  very  small  signal  to  noise  ratio)  reach  the  capacity  of  normal  MIMO 
systems,  because  only  one  data  stream  is  transmitted  at  one  time  -  in  contrast  to  the  spatial  multiplexing  systems 
described  before. 

The  following  three  MIMO  schemes  are  considered: 

MIMO  without  CSI  at  the  transmitter 
MIMO  with  CSI  at  the  transmitter 
Beamforming-based  MIMO 

The  capacity  and  the  SAR  are  calculated  and  compared  for  several  antenna  configurations. 

Excitation  of  the  Antennas  at  the  Transmitter 

In  general,  an  excitation  voltage  excites  an  antenna.  Hence,  the  electric  field  strength  and  therewith  the  SAR  in 
the  human  head  depend  also  on  the  excitation  voltages  of  each  antenna  element.  In  a  SISO  system,  this  voltage  is 
directly  related  to  the  transmit  power.  In  a  MIMO  system  the  transmit  power  is  distributed  over  all  antennas. 
Each  antenna  in  the  mobile  phone  can  be  excited  by  an  individual  excitation  voltage.  The  distribution  of  the 
transmit  power  is  dependent  on  the  MIMO  scheme  applied.  In  the  case  of  MIMO  without  CSI  the  transmit 
power  is  distributed  uniformly.  In  the  case  of  MIMO  with  CSI  or  MIMO-based  beamforming  the  excitation 
voltages  are  adjusted  to  obtain  a  high  capacity.  Therefore,  the  propagation  channel  has  to  be  taken  into  account. 
The  model  given  in  [7]  is  applied.  It  describes  the  propagation  channel  for  a  MIMO  system  including  the 
transmit  and  the  receive  antennas.  It  is  based  on  a  scattering  parameter  description. 
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Investigated  Antenna  Systems 

The  following  antenna  configurations  are  considered: 

-  SISO:  the  handheld  with  one  antenna  next  to  a  human  head,  transmitting  to  a  base  station  with  one 
antenna 

-  SIMO  1x3:  the  single  antenna  handheld  next  to  a  human  head,  transmitting  to  a  base  station  with 
three  antennas 

-  MISO  3x1:  the  three-antenna  handheld  next  to  a  human  head,  transmitting  to  a  base  station  with 
one  antenna 

-  MISO  4x1:  the  four-antenna  handheld  next  to  a  human  head,  transmitting  to  a  base  station  with  one 
antenna 

-  MIMO  3x3:  the  three-antenna  handheld  next  to  a  human  head,  transmitting  to  a  base  station  with 
three  antennas 

-  MIMO  4x3:  the  four-antenna  handheld  next  to  a  head,  transmitting  to  a  base  station  with  three 
antennas 

For  the  case  of  MIMO  without  CSI  it  is  assumed  that  via  each  antenna  an  independent  subchannel  is  transmitted. 

At  the  receiving  end  the  transmitted  signal  has  to  be  reconstructed.  For  a  system  without  CSI  only  configurations 

are  possible  were  the  number  of  transmit  antennas  is  smaller  or  equal  to  the  number  of  receiving  antennas. 


Approach  1:  Constant  Capacity 

To  show  the  performance  of  MIMO  systems  a  constant  capacity  C  =  0.25  bit/s/Hz  is  considered.  For  simplicity  a 
MIMO  scheme  without  CSI  at  the  mobile  phone  is  regarded.  I.e.  only  systems  were  the  number  of  transmit 
antennas  is  smaller  or  equal  to  the  number  of  receiving  antennas  are  taken  into  account. 

A  classical  SISO  system  will  need  a  transmit  power  PT  =  19.9  dBm  to  reach  the  demanded  capacity,  resulting  in 
a  SARjog  =  0.46  W/kg  (cf.  Fig.  4).  Increasing  the  number  of  antennas  at  the  receiving  base  station  will  lower  the 
required  transmit  power  to  Pj  =  10.2  dBm.  Since  the  transmit  power  can  be  decreased  by  almost  10  dB  by  just 
adding  more  antennas  at  the  base  station,  while  using  the  same  antenna  at  the  mobile  phone,  there  is  a  decrease 
in  the  SAR  by  the  same  amount  to  0.049  W/kg.  Further  on,  adding  two  antennas  to  the  mobile  phone  will  allow  a 
further  decrease  of  the  transmit  power  ( PT  =  4.9  dBm)  yielding  a  SAR10g  =  0.018  W/kg. 


SISO  1x1  SIMO  1x3  MIMO  3x3 


Fig.  4:  SARjog  for  systems  without  CSI.  Constant  capacity  C  =  0.25  bit/s/Hz. 


Approach  2:  Constant  Transmit  Power 

Since  there  is  an  increasing  demand  for  higher  capacities  the  transmit  power  of  the  mobile  phone  was  fixed  to 
PT  =  20  dBm,  which  is  1  dB  below  the  maximum  transmit  power  of  a  UMTS  class  4  mobile  phone  [8].  As  a  rule 
of  thumb:  The  more  antennas  there  are  the  higher  will  be  the  achievable  capacity.  This  capacity  increase  can  be 
used  to  transmit  the  same  information  in  a  shorter  time  interval.  The  product  of  the  SAR  multiplied  by  the  time 
of  the  exposure  duration  will  give  a  dose. 

Therefore,  for  different  antenna  configurations  and  the  three  mentioned  MIMO  schemes  the  SARIOg  (exposure) 
and  capacities  C  are  evaluated. 
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Systems  without  CSI 

The  cumulative  distribution  function  (cdf)  of  the  MIMO  capacity  is  given  in  Fig.  5  for  the  case  of  MIMO 
without  CSI  at  the  transmitter.  Shown  is  the  probability  P  that  the  capacity  is  smaller  than  the  value  on  the  x- 
axis.  The  run  of  the  curves  demonstrates  that  adding  further  antennas  tremendously  increases  the  achievable 
capacity  while  keeping  the  total  transmit  power  constant. 


Fig.  5:  Capacity  for  SISO  and  MIMO  systems  without  CSI  at  the  transmitter.  Constant  transmit  power 

PT  =  20  dBm. 


The  calculation  of  the  SAR  is  independent  of  the  channel  matrix  in  this  case,  because  the  excitation  voltages  are 
kept  constant  due  to  the  lack  of  the  channel  knowledge  at  the  transmitter.  There  is  only  one  SARi0g  value  for  all 
channel  realizations.  This  SARi0g  value  is  shown  in  Fig.  6  for  different  antenna  configurations.  SISO  A1  and 
SISO  A4  correspond  to  SISO  systems  were  different  transmit  antennas  are  excited.  Since  the  show  very  similar 
capacities  there  is  just  one  line  in  Fig.  5. 

The  antenna  configurations  with  only  one  antenna  at  the  mobile  station  lead  to  the  largest  SAR10g.  Especially  if 
the  antenna  is  close  to  the  head  as  in  the  case  of  SISO  A4  the  SARi0g  is  close  to  1.4  W/kg.  The  SARi0g  can  be 
decreased  by  using  an  antenna  position  which  is  more  optimized  in  terms  of  exposure.  The  configuration 
SISO  A1  and  SIMO  1x3  use  the  same  transmit  antenna  at  the  mobile  phone.  For  the  MIMO  case  the  SARi0g  is 
reduced  to  a  value  of  0.36  W/kg,  although  the  transmit  power  is  the  same  as  in  the  single  antenna  cases  and  the 
capacity  is  remarkably  higher. 


Fig.  6:  SARIOg  for  SISO  and  MIMO  systems  without  CSI  at  the  transmitter.  Constant  transmit  power 

PT  =  20  dBm. 
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Systems  with  CSI 

Figure  7  shows  the  cdf  of  the  capacity  for  the  optimum  MIMO  scheme  with  channel  state  information  (CSI)  at 
the  transmitter.  These  MIMO  systems  by  far  exceed  the  other  MIMO  schemes  in  terms  of  capacity  -  keeping  in 
mind  that  the  total  transmit  power  is  kept  constant  for  all  systems. 


Fig.  7:  Capacity  for  SISO  and  MIMO  systems  with  CSI  at  the  transmitter.  Constant  transmit  power 

PT  =  20  dBm. 


The  localized  SAR10g  are  shown  in  Fig.  8.  Since  the  channel  changes  with  time  the  mean  value  of  100  SAR 
values  is  considered.  For  the  MIMO  cases,  the  scheme  with  CSI  at  the  transmitter  leads  to  larger  SAR  values 
than  the  scheme  without  CSI  at  the  transmitter.  For  the  SISO  systems,  the  SAR  values  do  not  depend  on  the 
scheme  applied,  because  the  amplitude  of  the  excitation  voltage  is  held  constant  and  its  phase  does  not  influence 
the  SAR  due  to  a  lack  of  interfering  signals. 


A4  3x1  3x3  4x3  4x1  1x3  A1 

Fig.  8:  SARiog  for  SISO  and  MIMO  systems  with  CSI  at  the  transmitter.  Constant  transmit  power  PT  =  20  dBm. 
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Systems  with  beamforming-based  MIMO 

Beamforming-based  MIMO  uses  only  the  best  subchannel,  i.e.  there  is  only  one  data  stream  transmitted.  Fig.  9 
shows  that  in  this  case  the  lowest  capacities  are  obtained.  Due  to  beamforming  at  both  ends,  the  capacity  is  still 
enhanced  by  increasing  the  number  of  antennas. 


Fig.  9:  Capacity  for  SISO  and  beamforming-based  MIMO.  Constant  transmit  power  PT  =  20  dBm. 


The  results  for  the  SAR10g  are  given  in  Fig.  10.  In  systems  where  the  minimum  number  of  transmit  and  receive 
antennas  equals  one  there  exists  only  one  subchannel.  Therefore,  there  is  no  difference  between  MIMO  with 
channel  state  information  at  the  transmitter  and  beamforming-based  MIMO  in  these  cases  and  the  SAR  values 
are  the  same.  For  the  MIMO  3x3  configuration  the  SAR  values  are  quite  similar,  0.88  W/kg  with  CSI  and 
0.86  W/kg  for  beamforming-based  MIMO.  For  the  MIMO  4x3  case,  the  SAR  values  are  also  similar. 


SISO  MISO  MIMO  MIMO  MISO  SIMO  SISO 
A4  3x1  3x3  4x3  4x1  1x3  A1 


Fig.  10:  SAR10g  for  SISO  and  beamforming-based  MIMO.  Constant  transmit  power  PT  =  20  dBm. 
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Exposure  Efficiency 

The  total  transmit  power  has  been  kept  constant  for  all  MIMO  schemes  and  all  antenna  configurations  in  the 
second  approach.  But  the  capacity  differs  remarkably  for  the  different  cases. 

For  a  further  evaluation  of  the  MIMO  schemes  and  antenna  configurations  the  quotient  of  10%  outage 
capacity  C  and  the  specific  absorption  rate  SAR  is  computed.  The  result  is  given  as  exposure  efficiency  EE  of 
the  system: 

10%  outage  capacity  C 

hj£j  — - — - =  — - 

max.  localized  SAR  averaged  over  lOg  tissue  SARiog 


An  exposure -optimized  system  exhibits  a  high  capacity  and  low  SARi0g.  I.e.  for  an  exposure-optimized  system 
the  value  of  EP  is  larger  compared  to  a  system  with  poorer  exposure  efficiency.  The  higher  the  value  of  EE  the 
smaller  is  the  exposure  integrated  over  time  experienced  by  the  operator  of  the  mobile  to  transmit  a  certain 
amount  of  information. 

Fig.  11  shows  the  exposure  efficiency  EE  for  all  antenna  configurations  and  MIMO  transmission  schemes.  No 
results  are  shown  for  the  case  of  a  system  without  CSI  at  the  transmitter  if  the  number  of  transmit  antennas  is 
larger  than  the  number  of  receiving  antennas  since  the  receiver  can’t  reconstruct  the  transmitted  data  streams 
without  a  channel  knowledge. 

The  exposure  efficiency  EE  for  configurations  where  there  is  only  one  transmit  antenna  is  the  same  for  all 
MIMO  schemes  since  the  fixed  transmit  power  is  radiated  by  the  single  antenna.  Adding  antennas  at  the 
receiving  or  transmitting  end  will  yield  a  higher  EE.  The  MIMO  3x3  system  without  channel  knowledge  shows 
the  best  EE.  If  channel  knowledge  is  available  for  this  configuration  the  antenna  weightings  are  adjusted  to 
increase  the  capacity.  Howecer,  this  adjustment  leads  also  to  a  higher  SAR  value.  The  increase  in  SAR  is  larger 
than  the  increase  in  capacity.  The  considered  SISO  systems  show  the  worst  exposure  efficiency  EE. 
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Fig.  12:  Exposure  efficiency  for  the  investigated  MIMO  schemes. 


Conclusion 

It  is  shown  that  multiple  antenna  systems  outperform  classical  single  antenna  systems  by  allowing  higher 
capacities.  To  reach  a  demanded  capacity  the  transmit  power  of  a  MIMO  system  can  be  clearly  lowered 
compared  to  a  SISO  system.  This  leads  to  a  tremendous  decrease  in  exposure.  Keeping  the  transmit  power 
constant  shows  that  MIMO  systems  with  channel  knowledge  give  the  highest  capacities.  However,  the  exposure 
efficiency  might  be  lower  than  in  a  system  without  channel  knowledge.  The  MIMO  scheme  allowing  the  highest 
capacity  is  not  necessarily  optimized  in  terms  of  exposure. 
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Abstract 

In  this  study  a  simultaneous  registration  of  the  brain  cortical  and  hippocampal  activity  during  a  high- 
frequency  electromagnetic  field  (HF  EMF)  exposure  was  performed.  All  procedures  were  done  under  urethane 
anaesthesia  (20%,  2g/kg  i.p.)  in  Lurcher  mutant  mice  (LMM)  which  serve  as  an  excellent  model  of 
neurodegeneration.  Flealthy  wild  type  mice  (WTM)  were  used  as  controls.  The  animals  were  exposed  to  1800 
MFlz  F1F  EMF  corresponding  with  the  mobile  phone  frequency.  We  used  gel  electrodes  (silicon  tubes  or  glass 
microcapillaries  filled  with  agar)  where  the  connection  with  metallic  electrodes  is  located  out  of  F1F  EMF  space. 
The  evaluation  of  electrocorticograms  and  spontaneous  hippocampal  rhythmicity  showed  a  distinct  shift  in  main 
components  of  frequency  spectra  but  clear  effect  has  been  observed  only  in  WTM.  Mice  with  inborn 
neurodegeneration  (LMM)  exhibited  only  gentle  differences.  The  comparison  of  cortical  and  hippocampal 
electrogeny  suggest  an  opposite  effect  of  F1F  EMF  on  the  brain  cortex  and  hippocampal  neuronal  circuits.  These 
findings  support  ideas  about  possible  influencing  the  central  nervous  system  by  F1F  EMF  exposure  and  support 
also  some  recent  results  about  hidden  health  risks  resulting  from  the  mobile  phones  use. 


Introduction 

Each  electromagnetic  source  localized  near  the  biological  object  produces  electromagnetic  field  which 
may  cause  both  thermal  and  non-thermal  biological  effects. 

A  basic  principle  of  thermal  effects  is  the  rise  of  temperature  produced  by  the  energy  absorbed  from 
oscillating  electric  fields.  The  force  produced  by  an  electric  field  on  charged  objects,  such  as  the  mobile  ions 
present  in  the  body,  causes  them  to  move,  resulting  in  electric  currents,  and  the  electrical  resistance  of  the 
material  in  which  the  currents  are  flowing  results  in  heating.  This  heat  input  causes  the  temperature  to  rise  and  it 
continues  to  do  so  until  the  heat  input  is  balanced  by  the  rate  at  which  it  is  removed,  mostly  by  blood  flowing  to 
and  from  other  parts  of  the  body.  Theoretical  studies  are  fosussed  to  the  computation  of  specific  absorption  rate 
(SAR).  The  relationship  between  the  SAR  and  the  resulting  temperature  rise  is  complex,  and  significantly 
dependent  on  antenna  configuration,  location  and  frequency.  The  most  problematic  feature  of  a  temperature 
calculation  is  modelling  the  effect  of  blood  flow  on  heat  transfer.  Van  Leeuwen  et  al.  [1]  published  that  heat 
deposition  within  the  head  was  computed  by  coupling  a  finite  difference  time  domain  model  for  SAR  with  a  new 
thermal  model.  T'he  thermal  model  includes  the  convective  effects  of  discrete  blood  vessels,  whose  anatomy  was 
determined  using  magnetic  resonance  angiography  of  a  healthy  volunteer.  For  a  915  MFlz  dipole  antenna  with  a 
time-averaged  power  output  of  0.25  W  (equivalent  to  a  typical  mobile  phone),  this  study  results  in  an  SAR  of 
about  1 .6  W/kg  and  predicts  a  maximum  brain  temperature  rise  of  0. 1 1  °C  in  the  steady  state. 

An  explanation  of  non-thermal  effects  seems  to  be  more  complicated  and  also  controversial.  The 
energy  quanta  of  radiation  at  0.9  and  1.8  GFlz  equal  4  and  7  |ieV,  respectively.  Both  these  values  are  extremely 
small  compared  with  the  energy  of  around  1  eV  needed  to  break  the  weakest  chemical  bonds  in  genetic 
molecules  (DNA).  Detectable  changes  can  arise  only  if  the  effect  of  the  electric  field  within  the  biological 
system  exposed  to  RF  fields  is  not  masked  by  thermal  noise.  Thermal  noise  or  random  motion,  also 
known  as  Brownian  motion,  is  due  to  the  thermal  energy  that  all  objects  possess  at  temperatures  above  absolute 
zero.  In  solids,  the  atoms  vibrate  and  in  gases  and  liquids  they  move  erratically  to  and  fro  following  very 
frequent  collisions  with  other  atoms.  So  all  components  of  biological  tissue  -  ions,  molecules  and  cells  -  are  in 
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constant  motion.  Another  mechanism  involving  cells  concerns  the  attraction  between  them  in  the  presence  of  an 
electric  field  [2],  [3].  The  electric  field  polarises  the  cell,  that  is  to  say  charges  in  the  cell  move  so  that  one  side 
of  it  becomes  positive  with  respect  to  the  other.  The  cell  is  then  an  electric  dipole  (like  a  tiny  torch  battery)  and 
attracts  similarly  polarised  cells.  For  typical  cells  and  frequencies  below  about  100  MHz,  the  energies  involved 
are  calculated  to  become  comparable  to  thermal  noise  in  electric  fields  of  E=300  V/m.  The  energies  are 
calculated  to  become  appreciably  less  for  RF  fields,  but  Adair  [3]  suggests  that,  since  these  values  would  depend 
on  the  detailed  structure  of  the  biological  elements  involved,  the  possibility  of  biological  effects  for  fields  of  this 
size  cannot  be  excluded.  Other  possible  biological  effects  are  associated  with  cell  membranes  and  the  movement 
of  currents  through  the  membrane  in  either  direction.  Membranes  are  known  to  have  strongly  non-linear  electric 
properties  [4].  When  a  voltage  is  applied  across  the  membrane,  the  current  that  flows  is  not  always  proportional 
to  the  voltage.  Part  of  this  non-linearity  may,  in  fact,  be  due  to  the  effect  of  the  electric  field  on  the  proteins  in 
the  membrane  or  nearby,  which  assist  the  flow  of  the  product  currents  through  the  membrane.  The  membrane 
also  acts  as  a  rectifier.  If  a  voltage  is  connected  across  the  ends  of  a  wire,  the  size  of  the  current  that  flows 
depends  solely  on  the  magnitude  of  the  voltage:  if  the  polarity  of  the  voltage  is  reversed,  the  current  changes 
direction  but  its  size  is  unchanged.  However,  if  the  polarity  of  the  voltage  applied  across  a  rectifier  is  reversed, 
the  current  changes  direction  but  now  its  size  also  changes.  So,  if  an  oscillating  voltage  (electric  field)  is  applied 
across  a  rectifier,  the  total  current  that  flows  when  the  field  is  in  one  direction  is  not  balanced  by  the  current 
when  the  field  is  in  the  other:  an  AC  field  produces  a  net  DC  current  and  hence  a  net  flow  of  products  through 
the  membrane.  However,  the  response  times  of  the  ion  gates  are  very  much  slower  than  the  period  of  microwave 
frequencies  and,  using  data  obtained  from  measurements  on  membranes  [4],  it  has  been  shown  that,  for  electric 
fields  of  200  V/m,  the  relative  change  in  the  membrane  potential  is  very  small  [3].  Another  hypothesis  is  that 
the  interaction  with  biological  tissue  depends  on  the  coherence  of  the  electromagnetic  fields  [5]. 

Possible  effects  on  the  brain  and  behaviour  during  acute  exposure  to  RF  fields  are  permanently 
discussed  -  mobile  phones  are  conventionally  held  close  to  the  head.  Many  results  are  about  effects  of  RF  fields 
on  isolated  nerve  cells  (neurons),  on  cultured  nervous  tissue,  on  living  brain  slices,  on  brain  function  in 
experimental  animals,  on  the  blood-brain  barrier  and  on  behavioural  measures  of  brain  function  [6, 7, 8, 9].  The 
behaviour  of  animals  can  be  a  very  sensitive  indicator  of  adverse  health  consequences.  Early  signs  of  potential 
insult  are  often  behavioural  rather  than  anatomical  [10]. 

RF  fields,  continuous  or  pulsed,  can  affect  membrane  channels  [11].  Experiments  of  Cleary  [12,13] 
suggest  that  the  flux  of  positively  charged  sodium  and  potassium  ions  across  cell  membranes  can  also  be  affected 
by  RF  exposure,  over  a  wide  range  of  frequencies  (27  MHz  to  10  GHz).  Philippova  [14]  found  that  900  MHz 
radiation,  at  SARs  of  1  and  100  W/kg,  specifically  affects  the  binding  of  odorant  molecules  to  receptor  protein  in 
the  membranes  of  olfactory  receptor  neurons  in  the  rat.  Liburdy  and  Vanek  [15]  have  also  reported  protein 
shedding  from  membranes  as  a  result  of  RF  exposure.  A  radiation  at  very  low  power  can  affect  the  ion 
channels  associated  with  transmitter  receptors:  experiments  of  D'Inzeo  et  al.  [16]  suggest  decrease  in  the 
frequency  of  opening  of  sodium  channels  associated  with  acetylcholine  receptors  in  muscle  membranes  as  a 
result  of  exposure  to  9.75  GHz  radiation  at  only  10-20  pW/m2,  which  might  cause  a  decrease  in  the  excitability 
of  the  muscle.  An  increase  in  membrane  conductance  and  a  decrease  in  the  spontaneous  firing  of  impulses  in 
neurons  of  the  snail  Helix  aspersa  when  exposed  for  an  hour  to  continuous  and  amplitude  modulated  2.45  GHz 
radiation  was  described  by  Arber  and  Lin  [17,18].  The  effects  were  abolished  by  the  application  of 
ethylenediamine  tetraacetic  acid  (EDTA),  which  chelates  kalcium.  Another  studies  also  described  a  decrease  in 
the  electrical  amplitude  of  impulses  and  a  reduction  in  the  excitability  of  the  frog  sciatic  nerve  when  exposed  to 
2.45  GHz  radiation  [19],  and  a  decrease  in  spontaneous  activity  of  neurons  isolated  from  the  marine  gastropod 
Aplysia  at  relatively  high  intensities  [20,  21]. 

The  main  aim  of  the  presented  study  was  a  electrophysiological  investigation  of  an  influence  of  high- 
frequency  electromagnetic  field  (HF  EMF)  on  brain  functions  in  Lurcher  mutant  mice,  which  represent  an 
excellent  model  of  neurodegenerative  disease,  and  healthy  animals. 


Animals  and  Methods 

Lurcher  mutant  mice  (Lurchers)  represent  a  natural  model  of  genetically  determined  olivocerebellar 
degeneration  [22].  Heterozygote  individuals  (+/Lc)  are  characterized  by  the  postnatal  complete  loss  of  cerebellar 
Purkinje  cells  (excitotoxic  apoptosis)  and  by  the  decreased  number  of  granule  cells  and  inferior  olivary  neurons 
(secondary  to  the  loss  of  Purkinje  cells).  Affected  homozygots  (Lc/Lc)  are  not  viable.  Unaffected  homozygots, 
wild  type  mice  (+/+)  are  completely  healthy  and  serve  as  controls.  Our  previous  results  suggest  that  in  Lurchers 
some  cognitive  functions  are  changed  -  in  series  of  experiments  studying  the  development  of  spatial  learning  in 
Lc/+  and  +/+  during  the  first  month  of  life  using  the  standard  Morris  water  maze  [23,  24].  Some  neurons  of 
Lurchers  are  more  sensitive  to  neurotoxic  substances  [25]  and  other  experiments  discovered  a  higher  degree  of 
the  CNS  excitability  in  Lc/+  when  compared  with  +/+  using  a  metod  of  audiogennic  epilepsy  [26].  Similar 
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findings  were  obtained  in  experiments  which  measured  brain  cortical  activity  after  previous  electrical  and  drug 
stimulation  [27,  28].  Also  significant  changes  of  hippocampal  activity  (LTP)  were  found  in  anesthetized  Lc/+  in 
comparison  with  +/+  [29]. 

We  expect  that  some  brain  structures  in  Lurchers  would  be  more  sensitive  (i.e.  with  lower  treshold)  to 
different  kind  of  stimulation  and  neuronal  injury.  It  is  possible  to  assume  a  higher  effect  of  other  types  of 
stimulation  on  such  neurons,  including  HF  EMF.  A  direct  registration  of  brain  cortical  and  hippocampal  activity 
during  exposure  to  high-frequency  electromagnetic  field  (HF  EMF)  and  a  depiction  of  possible  changes  in  the 
hippocampal  rhythmicity  were  performed.  All  experimental  procedures  were  done  under  urethane  anaesthesia 
(20%,  2g/kg  i.p.)  in  adult  (10-12  weeks)  Lurcher  mutant  mice  (n=20)  and  wild-type  (healthy  littermates)  which 
served  as  controls  (n=20).  Experimental  animals  were  exposed  to  HF  EMF  with  frequency  of  1800  MHz,  similar 
to  the  range  used  by  mobile  phones.  As  a  source  of  the  HF  EMF  a  high-frequency  generator  was  used;  the  power 
output  was  approximately  1  W.  The  radiation  was  directed  by  a  waveguide  to  a  space  with  the  animals  placed 
(modified  stereotaxic  frame  in  the  Faraday’s  chamber).  The  area  of  the  orifice  was  150  cm2. 

An  important  problem  in  the  use  of  classical  EEG  technology  is  the  presence  of  conductive  (contact) 
electrodes  in  brain  tissue  resulting  to  discontinuity  of  HF  EMF  and  possible  electrolytical  processes  caused  by 
the  nonhomogeneity  on  the  boundary  line  of  metal-tissue.  Our  original  method  [30]  is  based  on  the  use  of  gel 
electrodes  (silicon  or  glass  capillary  tubes  filled  with  agar).  The  corresponding  conductivity  is  achieved  by 
supplementation  of  saline  and  final  biophysical  quality  is  adequate  to  the  brain  tissue.  The  connection  with 
classical  (wire)  electrodes  is  performed  out  of  HF  EMF  space.  Spontaneous  electrocorticogram  (ECoG)  was 
measured  as  2  min  segments  from  continously  recorded  activity  either  without  HF  EMF  exposure  or  with  it. 
Final  calculation  with  Fourier  analysis  and  averaging  were  performed  off-line  on  DISYS-system  (Software  for 
data  acquisition  and  analysis).  Hippocampal  activity  was  recorded  by  glass  capillary  filled  with  agar  (used  as  a 
registration  electrode),  grounding  electrode  was  a  silicon  tube  filled  with  agar  located  on  the  neck.  Stereotactic 
coordinates  [31]  -  ref.  point  bregma:  AP:  2.0;  L:  1.5;  V:  1.3  (CA1)  -  2.0  (hilus  DG).  DISYS-system  for  a  final 
averaging  according  to  Fourier  analysis  with  emphasis  on  a  theta-oscillation  especially  was  used. 

Results 

The  experiments  confirmed  a  possibility  of  direct  EEG  registration  during  exposure  to  HF  EMF. 
Recording  time  for  each  experimental  animal  was  aproximately  30  minutes  and  DISYS  system  was  able  to 
describe  spontaneous  activity  either  before  influencing  by  the  HF  EMF  or  during  it.  Examples  of  five  seconds 
recording  in  wild  type  mouse  (Fig.  1,  2)  and  in  Lurcher  mutant  mouse  (Fig.  3,  4)  are  shown  bellow. 


Fig.  1  -  Spontaneous  brain  cortical  activity  (ECoG)  in  wild  type  mouse  without  HF  EMF  exposure 
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Fig.  2  -  Spontaneous  ECoG  in  wild  type  mouse  during  exposure  to  HF  EMF 


Fig.  3  -  Spontaneous  brain  cortical  activity  (ECoG)  in  Lurcher  mutant  mouse  without  HF  EMF  exposure 


Fig.  4  -  Spontaneous  ECoG  in  Lurcher  mutant  mouse  during  exposure  to  HF  EMF 

The  final  evaluation  and  averaging  of  cortical  activity  showed  a  distinct  shift  to  lower  frequency 
components.  These  findings  are  in  accordance  with  older  and  recent  results  but  clear  effect  only  in  wild  type 
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(healthy  littermates)  was  observed  (Fig.  5)  whereas  in  Lurcher  mutant  mice  only  gentle  differences  between 
frequency  spectra  were  found  (Fig.  6). 


W2 


Fig.  5  -  Fourier  analysis  of  ECoG  in  wild  type  mice  group  before  (blue  line)  and  during  (red  line) 
exposure  to  FIF  EMF 


L3 


Fig.  6  -  Fourier  analysis  of  ECoG  in  Lurcher  mutant  mice  group  mice  before  (blue  line)  and  during  (red 
line)  exposure  to  FIF  EMF 

On  the  other  hand,  changes  of  hippocampal  activity  and  shift  towards  higher  frequencies  in  both  types 
of  animals  (healthy  and  mutant)  were  observed  (Fig.  7,  8). 
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Fig.  7  -  Hippocampal  activity  in  wild  type  mouse  before  exposure  to  HF  EMF 


Fig.  8  -  Hippocampal  activity  in  wild  type  mouse  during  exposure  to  HF  EMF 

The  serious  problem  is  depiction  of  SAR  which  is  generally  accepted  as  a  indicator  of  the  energy 
absorption  by  different  kinds  of  living  tissue.  In  our  experiments  we  used  mathematical  modelling  of  SAR 
calculation.  In  the  figures  9  and  10  examples  of  SAR  calculation  were  shown  (both  using  900  MHz  HF 
generator,  where  power  output  was  approximately  10  W).  We  expect  a  similar  distribution  of  SAR 
corresponding  to  the  lower  power  output  at  one  side  but  higher  concentration  of  HF  EMF  resulting  from  less 
area  of  waveguide  orifice. 
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Figs  9  and  10  -  mathematical  model  of  SAR  in  two  different  mice  position 


Discussion 

An  arteficial  source  of  HF  EMF  used  in  our  experimental  paradigm  influenced  spontaneous  cortical 
activity.  A  shift  towards  lower  frequencies  was  observed  with  gentle  differences  between  Lurcher  mutant  mice 
and  wild  type  mice.  Our  main  working  hypothesis  was  that  some  brain  structures  in  Lurchers  should  be  more 
sensitive  (i.e.  they  have  lower  treshold)  to  different  kind  of  stimulation  and  neuronal  injury.  We  suppose  that 
thermal  gradient  arising  between  lipo-  and  hydrophylic  structures  influences  ion  movement  through  membranes 
of  neurons  and/or  glial  cells.  Flowever,  possible  delicate  changes  were  identified  rather  in  the  brain  of  healthy 
animals.  These  relatively  ambiguous  findings  support  our  idea  about  a  different  vulnerability  of  the  CNS  in  mice 
with  neurodefective  brain  to  some  physical  and  chemical  factors  in  comparison  with  controls.  The  higher  CNS 
excitability  in  Lurcher  mutant  mice  and  its  possible  supression  or  masking  effect  on  the  F1F  EMF  influence  may 
be  used  as  an  explanation  of  unsignificant  differences  between  healthy  and  mice  with  inborn  neurodegeneration. 
Newertheless,  our  general  findings  are  in  accordance  with  previously  published  investigations  of  Bawin  et  al. 
[32,  33]  that  exposed  cats,  which  had  been  previously  conditioned  to  produce  selected  EEG  rhythms  in  response 
to  a  light  flash,  to  low  level  RF  fields.  The  changes  were  reported  in  the  performance  of  the  conditioned  EEG 
response  task  and  in  various  other  behavioural  parameters.  It  was  argued  that  the  fields  acted  directly  on  brain 
tissue  causing  a  minute  release  of  calcium,  resulting  in  changes  in  membrane  excitability,  which  could  possibly 
affect  EEG  rhythms.  Takashima  et  al.  [34]  reported  changes  in  EEG  of  rabbits  following  exposure  to  a 
modulated  RF  field  of  1-10  MHz,  a  frequency  range  outside  the  main  interest  but  Shandala  et  al. [35] ;  Thuroczy 
et  al.[36]  reported  about  subtle  effects  on  the  EEG  in  rats  and  rabbits  exposed  to  RF  fields  within  the  frequency 
range  of  interest.  McRee  et  al.  [37]  described  experiments  performed  by  Rosensteig  of  the  US  Environmental 
Protection  Agency,  who  exposed  rats  to  RF  from  late  fetal  life  until  adult.  He  saw  no  changes  in  either  the 
spontaneous  EEG  or  the  electrical  responses  evoked  by  flashes  of  light  (visual  evoked  responses).  Mitchell  et  al. 
[38]  reported  the  findings  of  a  joint  project  on  the  same  subject  carried  out  in  the  USA  and  the  former  Soviet 
Union.  Both  groups  exposed  rats  to  fairly  intense  continuous-wave  RF  fields  for  seven  hours.  Interestingly,  both 
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teams  found  small  but  statistically  significant  reduction  of  power  in  the  EEG,  but  in  different  parts  of  the 
frequency  spectrum. 

Laboratory  studies  investigating  the  effects  of  mobile  phone  signals  on  the  spontaneous  EEG  in  awake 
subjects  have  produced  somewhat  mixed  results.  Reiser  et  al.  [39]  reported  that  exposure  to  GSM  signals  was 
associated  with  increases  some  15  minutes  later  in  the  power  of  EEG  frequencies  of  about  10  Hz  and  higher, 
Roschke  and  Mann  [40]  were  unable  to  detect  any  differences  in  EEG  spectra  related  to  exposure  to  GSM 
signals.  A  similar  inconsistency  appears  to  hold  for  the  study  of  sleep  EEG.  Mann  and  Roschke  [41]  reported 
that  exposure  to  GSM-like  signals  reduced  latency  to  sleep  onset,  and  altered  spectral  characteristics  of  REM 
sleep,  although  a  subsequent  study  by  the  same  group  [42]  failed  to  replicate  these  findings.  In  other  study  [43], 
exposure  to  a  "pseudo-GSM  signal"  (15  minute  on/off  cycles,  900  MHz,  duty  cycle  of  87.5  %  rather  than  the 
12.5  %  used  in  phone  signals,  and  an  estimated  whole-body  SAR  of  1  W/kg)  was  associated  with  reduced 
waking  after  sleep  onset  and  changes  in  EEG  power  spectra  during  the  first  of  the  night's  episodes  of  non-REM 
sleep.  In  three  studies  „event-related  potentials'1  (ERPs)  were  investigated  during  exposure  to  GSM-like  signals. 
In  the  first  [44]  visual  sensory  responses  to  checkerboard  reversal  were  found  to  be  unaffected  during  exposure. 
In  two  other  studies  [45,  46]  positive  effects  were  reported.  In  a  recent  study  in  Czech  Recublic,  Jech  and 
colleagues  [47]  also  found  changes  of  visual  event  related  potentials  during  exposure  to  HF  EMF. 

Taken  together,  main  importance  of  this  study  was  that  neurodefective  animals  and  their  healthy 
littermates  (as  ideal  controls)  were  used.  Despite  our  experimental  paradigm  (i.e.  whole-body  HF  EMF  exposure 
characterised  by  lower  amount  of  absorbed  energy  in  comparison  with  human  brain  during  cellular  phone  use), 
presented  results  suggest  that  some  neuronal  populations  (cortical  and  subcortical)  react  on  this  type  of 
radiation.  Current  WHO  recommendation  published  by  Repacholi  [48]  consists  of  basic  principles  of  safety  for 
individuals.  The  limiting  of  the  lenght  of  calls  or  using  „hands-free“  device  has  probably  higher  importance  in 
children  in  which  possible  thermal  effect  on  the  developing  brain  may  be  connected  with  higher  healthy  risks. 
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Abstract 

•  Objectives: 

This  work  aims  to  provide  evidence  of  an  inductive  electromagnetic  bio-effect  on  the  human  brain,  which  is 
independent  from  sound  waves  and  produced  by  mobile  phones,  in  proximal  field,  through  correlating  the  EEG 
data  obtained  from  electrodes  placed  on  both  normal  and  cochlear  deaf  individuals. 

•  Methods 

Two  groups  of  four  subjects  are  placed  under  controlled  electromagnetic  conditions  inside  a  Faraday  chamber, 
(two  healthy  and  another  two  suffering  from  cochlear  deafness).  Each  is  sitting  on  a  chair,  fitted  with  additional 
support,  and  holding  a  cellular  phone  2  cm  away  form  the  right  auricular,  in  order  to  avoid  a  thermal  effect  as 
much  as  possible.  All  of  them,  relaxed  and  with  their  eyes  closed,  are  EEG  recorded  in  a  basal  state  with  their 
mobile  phones  off. 

Then,  each  of  them  is  again  recorded  under  the  same  conditions  but  with  the  mobile  on  and  listening  to  the  same 
conversation.  In  order  to  assess  the  EEG  changes  so  observed,  a  statistical  analysis  by  means  of  the  FFT  (Fast 
Fourier  Transform)  was  carried  out. 


•  Results 

For  both,  healthy  and  cochlear  deaf,  assimilation  or  integration  of  the  mobile  phone  signal  by  some  electrodes  is 
to  be  found.  This  is  due  to  the  increase  of  amplitudes  for  alpha  and  theta  waves,  whereas  the  signal  is  not 
integrated  in  other  electrodes.  By  correlating  the  spectra  of  frequencies  of  corresponding  EEG  records  for  the 
same  brain  areas,  we  have  not  observed  significative  differences  for  both  groups. 

•  Conclusion 

A  possible  electromagnetic  direct  inductive,  non-thermal,  bio-effect  on  the  human  brain  is  observed.  This  effect 
is  produced  by  the  use  of  mobile  phones  and  it  bears  no  relation  to  the  sound  waves. 

Keywords:  electromagnetic  field,  bio-effects,  electroencephalogram,  mobile  phone,  cochlear  deaf. 


Introduction 

Recent  technological  advances  in  telecommunications  have  led  to  the  use  of  electromagnetic  fields  (EMF)  to 
man’s  own  convenience,  such  as  in  Telemedicine,  in  the  field  of  Medicine  (Ramos  and  Monteagudo,  2006)  or 
for  diagnosis  and  treatment  as  well,  within  the  field  of  medical  specialities  (Bardasano  and  Elorrieta,  2000, 
Rosch  and  Markov,  2004). 
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Nevertheless,  electromagnetic  fields  from  GSM  mobile  phones  (Global  System  Mobile  Communication)  and 
from  their  base  stations  can  have  an  effect  on  living  beings  and  man,  in  particular,  in  different  ways.  More  and 
more  often  we  find  proof  from  different  fields  of  knowledge  of  this  environmental  electromagnetic  pollution, 
which  might  involve  the  health  of  human  and  other  living  beings,  (Navarro  et  al.,  2003,  Santini  et  al.,  2003, 
Balmori,  2004,  2005,  Hutter  et  al.,  2006). 

Neurons  can  respond  to  electromagnetic  fields,  (Beasond  and  Semm,  2002)  and  different  degrees  of  neurological 
and  other  kinds  of  alterations,  which  may  change  the  physiology  of  the  brain,  can  also  be  found  and  are 
associated  to  mobile  phone  radiofrequencies,  (Hossmann  and  Hermann,  2003,  Westerman  et  al.,  2004,  Huber  et 
al.,  2005,  Maby  et  al.,  2005,  Szyjkowska  et  al.,  2005,  Papageorgiou  et  al.,  2006). 

Evidence  of  alterations  in  the  permeability  of  the  hematoencephalic  barrier  in  rats  from  mobile  phones  has  been 
presented  (Fritze  et  al.,  1997)  as  well  as  histological  changes  due  to  neural  damage  in  the  cortex,  hippocampus 
and  basal  ganglia  in  the  brain  of  exposed  rats  (Salford  et  al.,  2003)  and  changes  in  the  EEG  of  the  rabbit  (Marino 
et  al.,  2003). 

We  also  have  evidence  of  alterations  in  the  brain  of  rats  not  only  at  the  biochemical  level  but  also  at  that  of  the 
glial  cells.  There  is  evidence  of  molecular  alterations  in  the  rat’s  brain  due  to  GSM  mobile  phones  after  an  acute 
exposure  to  high  power  900  MHz  micro  waves.  (Mausset-Bonnefont  et  al.,  2004). 

Also,  the  effects  of  900  MHz  electromagnetic  exposure  on  cochlear  cell  functionality  in  rats  are  evaluated  as  a 
distortion  product  due  to  otoacoustic  emissions  by  Galloni  et  al.,  2005.  In  this  work,  in  order  to  evaluate  the 
influence  of  mobile  phones  on  the  human  brain,  we  give  the  EEG  recording  an  essential  role  as  a  working  tool, 
(Krause  et  al.,  2004,  Lin,  2004,  Curcio  et  al.,  2005,  Loughran  et  al.,  2006). 

The  EEG  is  a  representative  signal  containing  information  about  the  condition  of  the  brain.  The  shape  of  the 
wave  may  contain  useful  information,  hence  Croft  et  al.,  2002,  found  that  EMF  exposure  decreased  1  Hz  -  4  Hz 
activity  in  right  hemisphere  sites,  and  was  associated  with  increasing  8  Hz  -  12  Hz  activity  as  a  function  of 
exposure  duration  in  the  midline  posterior  sites. 

Along  the  same  lines,  Kramarenko  et  al.,  2003,  used  a  telemetric  EEG,  and  found  that  within  20  s  -  .40  s  of 
exposure  to  a  900  MHz  phone  signal  subjects  showed  slow- wave  activity  in  the  contralateral,  frontal  and 
temporal  areas.  They  lasted  for  one  second  and  were  repeated  every  15  s  -  20  s.  When  the  signal  stopped  the 
slow  waves  progressively  disappeared  in  the  next  10  minutes. 

Furthermore,  Cook  et  al.,  2004,  suggested  that  30%  of  the  variation  in  alpha  activity  seen  in  their  study  were  due 
to  the  pulsed  magnetic  field  exposure  and  also,  Papageorgiou  et  al.,  2004,  found  that  baseline  EEG  energy  was 
greater  in  males,  while  exposure  to  EMF  decreased  EEG  energy  of  males  and  increased  that  of  females.  There 
were  not  statistically  significant  differences  in  memory  performance  between  men  and  women,  nor  was  there 
any  difference  between  exposed  and  non-exposed  states. 

Additionally,  in  a  small  pilot  study,  Hamblin,  et  al.,  2004,  found  some  evidence  of  neural  activity  as  a  result  of 
mobile  phone  exposure  during  an  auditory  task. 

Moreover,  the  effects  of  EMF  emitted  by  mobile  phones  on  human  EEG  were  studied  during  an  auditory 
memory  task.  The  energy  was  found  concentrated  at  the  four  basic  bands.  The  results  show  evidence  of  a  strong 
gender  radiation  interaction  effect  on  the  EEG  energy  and  on  the  peak  amplitudes  within  each  of  the  four 
rhythms  (Nanou  et  al.,  2005). 

The  EEG  analysis  performed  with  three  different  methods  showed  that  statistically  significant  changes  occur  in 
the  EEG  rhythms,  energy  and  dynamics  between  12%  and  30%  of  subjects.  The  results  suggest  that  microwave 
exposure  affects  part  of  the  population  and  can  have  an  impact  on  health.  (Hinrikus  et  al.,  2006). 

This  research  is  aimed  at  providing  evidence  of  electromagnetic  induction  from  mobile  phones,  in  proximal 
field,  to  the  human  brain  by  comparing  the  EEG  of  healthy  normal  individuals  with  that  of  cochlear  deaf, 
regardless  of  sound  stimulus  (sound  waves). 

•  Materials  and  Methods 

We  have  followed  the  protocol  (patterns),  as  in  previous  experiences  in  our  laboratory,  as  to  the  subjects, 
procedures,  materials  (Faraday  screen,  mobile  phones,  electroencephalograph  and  recording),  etc.  For  more 
details,  see  Bardasano  et  al.,  2005. 

Subjects 

We  have  carried  out  this  study  on  four  individuals  in  two  groups,  (two  healthy  individuals  and  two  suffering 
from  cochlear  deafness). 
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Procedure 

Each  subject  is  placed  inside  the  Faraday  chamber  and  comfortably  seated  on  a  plastic  chair.  The  mobile  phone 
is  held  over  the  right  ear  by  an  insulated  device  2  cm  from  the  auricular  to  avoid  a  thermal  effect  as  much  as 
possible.  By  means  of  the  EEG,  we  tested  the  effects  of  the  mobile  phone  on  the  subjects  as  follows:  basal  EEG 
activity,  with  eyes  closed,  for  5  min;  each  subject  was  recorded  while  listening  to  a  five  minute  conversation 
with  the  phone  placed  on  the  right  ear. 

Materials 
Mobile  phone 

Technical  specifications:  Global  System  Mobile  Communication  (GSM)  class  4  (2  W),  880  MHz  -960  MHz 
frequency  band,  which  is  a  proximal  field  in  relation  to  the  subject.  Specific  Absorption  Rate  (SAR),  highest 
value,  0.955  W/kg. 

Electroencephalograph  and  recording 

A  digital  EEG,  with  system  plus  software,  model:  SAM  32  FOFC  I  (latest  version)  by  Micromed1*’,  which 
incorporates  amplitude  and  frequency  maps,  was  employed.  EEG  signals  were  collected  from  18  channels  and 
filtered  with  a  band  filter. 

Statistical  Analysis 

In  order  to  assess  our  EEG  results,  we  have  applied  the  FFT  (Fast  Fourier  Transform)  mathematical  analysis. 

•  Results 

In  healthy  and  cochlear  deaf  individuals,  we  find  assimilation  or  integration  of  the  mobile  phone  signal  in  some 
electrodes.  This  is  due  to  the  increase  of  the  amplitudes  of  alpha  and  theta  waves.  By  correlating  the  spectra  of 
frequencies  of  corresponding  EEG  records  for  the  same  areas,  significative  differences  for  both  groups  are  not 
observed  (see  Appendix,  Fig.  1  and  Fig.  2). 

•  Discussion 

Our  discussion  focuses  on  physiological  interpretation  and  on  methodological  observation. 

Physiological  interpretation 

During  transduction  of  external  signals,  FFT  analysis  shows  that  a  healthy  subject’s  brain  behaves  in  two  ways 
to  the  signal  from  the  mobile  phone.  It  rejects  the  incoming  signal  or  integrates  it  by  making  it  its  own,  and 
generates  another  signal  as  a  response.  This  is  done  by  increasing  the  spectral  power  density  of  the  incoming 
signal  which  implies  an  increase  of  energy  without  altering  the  frequencies.  This  means  that  a  larger  number  of 
neurons  are  being  activated  underneath  than  at  the  basal  phase  for  the  same  activated  frequencies. 

In  short,  the  brain  responds  by  yielding  signals  which  lead  to  the  generation  of  alpha  and  theta  rhythms.  The 
EEG  response  of  the  cochlear  deaf  is  similar  to  that  of  the  healthy  subject  with  the  phones  on.  For  both  groups, 
the  behaviour  of  the  EEG  towards  the  signal  from  the  mobile  shows  that  it  can  either  be  integrated  in  the  brain  or 
it  appears  in  the  spectrum  of  frequencies  of  the  typical  peaks  of  mobile  phones  which  overwhelm  the  normal 
brain  signal,  on  the  same  recording  electrode  and  for  the  same  subject  at  a  given  time. 

Let  us  call  integration  the  capacity  for  assimilating,  processing  an  incoming  signal,  and  for  emitting  another 
signal  as  a  response.  Given  that,  the  sound  waves  do  not  seem  to  affect  the  integration  of  such  a  signal  in  the 
brain. 

Methodological  observation 

Research  on  the  harmful  bioeffects  of  mobile  phones  on  the  brain  faces  one  of  its  challenges;  that  is,  to  avoid 
suffering,  lesion,  and  death  of  the  neurons.  Neuroprotection  is  a  way  of  guarding  neurons  which,  for  different 
reasons,  have  their  death  scheduled.  We  find  several  programs  in  the  central  nervous  system  which  schedule  the 
death  of  mobiles,  which  are  activated  by  internal  alterations  (genetic  features  of  the  patient)  or  external 
(biological,  chemical,  such  as  exposure  to  toxins,  heavy  metals  in  drinking  water,  pesticides,  and  others,  and 
physical  elements  such  as  artificial  and  uncontrolled  electromagnetic  fields.  (Bardasano  et  ah,  2005) 

The  EEG  shows  the  influence  of  mobile  phones  on  man.  In  the  field  of  Biomedical  Engineering,  research  should 
contemplate  at  least  the  following  aspects: 

a.  The  General  Adaptation  Syndrome  to  changes  in  the  state  of  mater  and  energy.  Those  changes  take  place  in 
the  environment  of  living  beings,  bearing  in  mind  the  threesome  ‘oppressor,  depressor,  stressor’,  adverse 
hypersensitive  reactions  and  the  microwave  syndrome. 
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b.  Electromagnetic  Compatibility.  In  the  field  of  the  modem  theory  of  the  signal,  the  task  is  to  observe  machines 
or  systems  in  good  working  condition  and  the  human  body,  itself  as  a  system,  (the  inductive  influence  of 
electromagnetism  from  a  mobile  phone  and  the  bioelectromagnetism  of  the  human  brain). 

c.  The  Physiology  of  Regulatory  Systems  and  Chronobiology.  To  avoid  alterations  in  the  permeability  of  the 
hematoencephalic  barrier  or  chronopathologies  due  to  alteration  of  circadian  rhythms,  (waking  and  sleeping 
states),  among  others,  due  to  this  inductive  influence. 

Summary 

By  comparing  the  EEG  data  from  mobile  phones,  independent  from  sound,  through  the  electrodes  glued  onto 
normal  and  cochlear  deaf  subjects,  we  have  tried  to  find  evidence  of  an  inductive  electromagnetic  bio-effect  on 
the  human  brain. 

We  found  that  the  signal  is  not  integrated  in  some  electrodes  and  we  have  not  found  significant  differences  for 
either  group  of  healthy  and  cochlear  deaf  subjects,  which,  on  the  other  hand,  show  assimilation  or  integration  of 
the  mobile  phone  in  other  electrodes  because  of  the  increase  of  amplitude  of  the  alpha  and  theta  waves.  By 
comparing  the  spectrum  of  frequencies  of  the  corresponding  EEG  for  the  same  areas,  we  have  not  observed 
significant  differences  in  both  groups,  either. 

The  effect,  observed  in  the  brain,  is  produced  by  the  mobile  phones. 
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Fig.  1.  Mapping  of:  al- basal  non-deaf,  a2- non  deaf  with  mobile  on  and  listening,  a3- basal  deaf  and  a4- deaf 
with  mobile  on  and  listening. 

EEG  of:  bl-  basal  non-deaf,  b2-  non  deaf  with  mobile  on  and  listening;  b3-  basal  deaf  and  b4-  deaf 
with  mobile  on  and  listening 
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Abstract 


•  Objectives. 

We  aim  to  obtain  a  model  or  pattern  among  normal  subjects.  Thus,  we  are  subsuming  a  diagnostic  method 
(digital  EEG)  and  a  therapeutic  one,  which  is  the  physiological  TMS  (Transcranial  Magnetic  Stimulation),  into  a 
new  technique,  pending  validation.  This  new  technique  will  be  able  to  obtain  an  electroencephalographic 
response  and  to  quantitatively  evaluate  the  alteration  of  cerebral  rhythms  in  healthy  subjects,  (pattern  for 
normality),  employing  physiological  TMS  at  10  pT  (picotesla)  and  8  Hz,  simulating  the  alpha  rhythm.  The  study 
is  single  blind  and  the  subjects  do  not  know  when  they  are  being  stimulated. 

•  Material  and  Methods 

We  have  employed  digital  EEG,  mod.  SAM  32  FOFC  1,  with  System  PLUS  Software  by  Micromed,  latest 
version,  and  spectral  analysis  by  FFT  (Fast  Fourier  Transform).  The  sample  was  made  up  of  16  healthy  subjects 
with  their  eyes  open,  half  males  and  half  females.  The  recording  cap,  which  is  elastic  has  twenty  Ag/AgCl 
electrodes  (SIEMENS)  placed  bilaterally  and  is  electrode-glued  onto  the  scalp  of  the  subject.  The  10/20  IS 
(International  System)  of  electrode  placement  is  used.  EEG  signals  are  collected  from  18  channels,  fdtered 
through  a  0.5  Hz  -  70.0  Hz  band  filter  and  sampled  at  128  Hz.  We  have  also  used  a  TMS  prototype  stimulator, 
mod.  MG28TR10,  which  incorporates  a  timer  for  the  EEG  recorder  to  control  the  stimulation  periods  and  pauses 
(1.5  min  followed  by  a  1  min  pause).  Twenty  magnetic  stimulation  coils  are  placed  on  the  EEG  recording  elastic 
cap  at  a  distance  of  2  cm  between  them  and  the  recording  electrodes.  This  way,  stimulation  and  recording  can  be 
carried  out  without  interference. 

•  Results 

A  global  increase  in  the  alpha  and  beta  rhythms  has  been  observed  as  well  as  a  decrease  in  delta  and  theta.  Alpha 
and  delta  register  the  highest  increase  and  decrease,  respectively.  A  17.5%  increase  in  alpha  rhythm  and  a  4.5  % 
in  beta  are  performed  at  the  expense  of  a  decrease  in  delta  and  theta  rhythms. 

The  most  relevant  increase  in  alpha  rhythm,  as  the  stimulation  was  going  on,  was  registered  at  the  Fpl,  Fp2,  F3 
and  F4  frontal  electrodes,  as  well  as  at  the  central  Cz. 

•  Conclusions 

By  means  of  the  TMS  at  10  pT  and  8  Hz,  we  obtain  a  mimetic  global  bioelectrical  neuronal  response,  as  the 
alpha  rhythm  magnetic  field  is  simulated  and  the  brain  is  timed  to  it.  We  also  find  an  alpha  rhythm  displacement 
towards  frontal  and  central  areas  of  the  brain. 

Keywords',  magnetic  stimulation,  EEG,  brain  rhythms. 


801 


BARDASANO  JL,  ALVAREZ-UDE  J,  GUTIERREZ  I,  RAPOSO  MA,  GOYA  R 


Introduction 

Research  on  500  llT  weak  magnetic  fields,  extremely  low  frequencies  (ELF)  (between  0  Hz  and  300  Hz),  and 
their  exposure  to  humans  has  yielded  incomplete  and  contradictory  evidence,  (stemming  mainly  from  clinical 
results)  (Sandyk,  1992,  Sandyk  and  Derpapas,  1993,  Bardasano  et  al.,  1997a,  Ramirez  et  al.,  1997,  Anninos  et 
al.,  2003). 

This  may  be  due  to  the  scarce  number  of  studies  conducted  under  EEG,  MEG  (Magnetoencephalography) 
examination  conditions  or  evoked  potentials  and  how  they  affect  the  perceptual  and  cognitive  processes  in 
human  beings.  It  must  also  be  added  that  most  bioelectromagnetic  results  in  the  different  studies  have  been 
inconsistent  with  one  another.  The  most  important  explanations,  which  may  account  for  those  inconsistencies  are 
those  aimed  to  clarify  how  different  the  features  of  the  applied  field  may  be  (different  intensity  and  frequency, 
waveform,  and  duration  of  exposure).  We  also  find  differences  among  the  disparate  protocols  employed,  which 
can  be  more  or  less  precise  regarding  the  elimination  of  artefacts  or  elements  that  bring  about  confusion  in  the 
electrophysiological  recording  (Cook  et  al.,  2002). 

Most  studies  on  low-power  fields  carried  out  inside  Helmholtz  coils  generate  a  homogenous  and  continuous 
field,  (Lyskov  et  al.,  1993,  Marino  et  al.,  1996  and  Heusser  et  al.,  1997),  in  which  the  subject  has  electrodes 
placed  on  both  his  first  and  second  fingers  of  his  non-dominant  hand  and  on  his  scalp.  The  former  measures  skin 
conductance  and  the  latter  cerebral  electric  activity.  A  computer  controlled  system  allows  us  to  change  the  type 
of  field  generated  by  the  coils  at  desired  intervals,  in  either  a  random  or  pre-determined  pattern  and  to  register 
the  ongoing  physiological  changes. 

Most  EEG  studies  so  far,  which  observe  the  effects  after  applying  a  weak  magnetic  field,  have  been  using  this 
magnetic  fields  generation  model  and  have  been  comparing  the  differences  so  obtained. 

As  regards  to  physiological  stimulation,  the  simultaneous  registry  between  stimulator  and  EEG  does  not  allow  us 
to  categorically  state  the  effect  it  has  on  the  brain  because  a  signal  under  possible  electromagnetic  pollution  leads 
to  doubtful  interpretations.  To  sort  out  that  problem  a  new  biomedical  engineered  prototype  must  be  designed. 
That  prototype  will  allow  for  evaluation  of  the  electrical  response  of  the  brain,  as  a  response  to  an 
electromagnetic  stimulus,  under  the  best  conditions,  free  of  pollution  and  interference. 

We  have  studied  and  evaluated  the  physiological  low  field  TMS  (Transcranial  Magnetic  Stimulation)  at  pT 
(picotesla)  with  a  new  stimulation  system  whereas  other  authors  used  a  high  field  TMS  (Pascual-Leone  et  al. 
1998,  Iramina,  et  al.  2002).  This  technique  also  applies  to  the  treatment  of  neurodegenerative  diseases, 
(Parkinson’s  disease,  Alzheimer’s,  multiple  sclerosis),  psychiatric,  etc.  (Bardasano  et  al.,  1997a,  b,  Ramirez  et 
al.,  1997,  Wassermann  and  Lisanby,  2001,  Bardasano  et  al.,  2005a,  b,  Bardasano  et  al.,  2006). 

Material  and  Methods 

•  Subjects 

The  sample  is  made  up  of  sixteen  healthy  voluntary  subjects,  (an  average  of  35  years  of  age;  8  male  and  8 
female),  properly  and  ethically  informed,  and  the  readings  are  registered  inside  a  Faraday  chamber  (For  details, 
see  Bardasano  et  al.,  2005c). 

•  Electroencephalograph  and  recording 

We  have  employed  digital  EEG,  mod.  SAM  32  FOFC  1,  with  System  PLUS  Software  by  Micromed,  latest 
version,  and  spectral  analysis  by  FFT  (Fast  Fourier  Transform).  An  elastic  recording  cap,  glued  to  the  scalp  on 
both  sides,  holds  twenty  Ag  /Ag  Cl  electrodes  (SIEMENS)  which  are  placed  on  both  sides  of  the  cap.  The  10/20 
IS  (International  System)  of  electrode  placement  is  used  and  the  actual  placement  has  a  common  reference 
electrode  placed  at  the  frontotemporal  intersection  point  and  is  grounded  to  the  ear  lobules.  EEG  signals  are 
collected  from  18  channels,  filtered  through  a  0.5  Hz  -70.0  Hz  band  filter  and  sampled  at  128  Hz. 


•  Stimulator 

Stimulating  and  recording  can  be  carried  out  without  interference  using  a  TMS  prototype  mod.  MG28TR10  at  10 
pT  and  8  Hz,  which  has  a  timer  for  the  EEG  recorder  to  control  stimulation  periods  and  pauses  (1.5  min  followed 
by  a  1  min  pause).  Twenty  magnetic  stimulation  coils  are  placed  on  the  EEG  recording  elastic  cap  at  a  distance 
of  2  cm  between  them  and  the  recording  electrodes  (Bardasano  et  al.,  2006)  (Fig.l). 
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Fig.  1.  TMS  stimulator,  mod.  MG28TR10  (left).  Subject  sitting  inside  the  Faraday  chamber. 
Recording  cap  and  amplifier  are  also  shown  here,  (right). 
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Fig  2.  Beginning  of  the  stimulation  process.  We  can  see  a  lower  channel  designed  to  observe 
the  morphology  and  frequency  of  the  stimulus.  The  stimulus-pause  sequence  allows  for  both 
he  ulterior  elimination  of  traces  of  stimulus  and  analysis  of  the  pause  tracks  as  though  it  had 
been  done  with  a  non-stop  recording. 

•  Procedure 

The  subjects  are  comfortably  seated  (Fig  1)  with  their  eyes  open  and  without  outside  stimulation.  A  basal  EEG  is 
first  done  for  5  min  and  then  a  long  10  min  sequence  stimulation  (Fig  2).  The  subjects  are  single  blind,  as  they 
do  not  know  when  they  are  being  stimulated. 


•  Statistical  analysis 

The  data  have  been  computed,  analysed  and  interpreted  by  means  of  the  statistical  set  SAS  System  Release  8.02 
by  SAS  Institute  Inc.  Cary,  N.C.,  USA. 

In  the  frequency  tables,  (in  ASCII  format  for  the  19  electrodes  applied),  the  comparison  between  groups  was 
evaluated  by  differential  pairing  and  contrast  with  the  paired  T-Student.  The  p-values  are  given  for  up  to  4 
decimal  figures. 


•  Results 

An  important  increase  in  the  alpha  and  beta  rhythms  has  been  observed  as  well  as  a  decrease  in  delta  and  theta, 
alpha  and  delta  record  the  highest  increase  and  decrease,  respectively,  (a  17.5%  increase  in  alpha  rhythm  and  a 
4.5  %  in  beta  rhythms,  repeatedly,  at  the  expense  of  a  decrease  in  delta  and  theta  (see  Fig  3  and  Appendix,  Fig.  4). 
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The  most  significant  increase  in  alpha  rhythm,  at  the  same  time  as  the  stimulation  was  being  carried  out,  was 
registered  at  the  Fpl,  Fp2,  F3  and  F4  frontal  electrodes  and  at  the  central  Cz. 

This  leads  us  to  believe  that  there  is  a  displacement  towards  anterior  brain  areas  of  the  physiological  alpha 
rhythm,  under  stimulation. 

Below,  find  bar  graphs  of  mentioned  electrodes  where  the  basal  state  is  the  first  bar,  the  second  bar  stands  for 
stimulation  and  the  third  for  the  difference. 

As  soon  as  the  recording  was  over,  each  subject  was  asked  how  he  felt  as  a  whole;  84%  mentioned  they 
experienced  a  pleasing  and  soothing  sensation;  the  remaining  did  not  mention  any  particular  feeling, 
(indifference)  and  3  cases  felt  their  hands  going  numb. 


BASAL  STATE  STIMULATION 

Fig  3.  Comparison  of  frequency-percentage  histogram.  Redistribution  of  brain 
rhythms  (alpha,  beta,  delta  and  theta),  mean  value  of  all  the  electrodes. 


•  Discussion 

The  systems  usually  employed  for  TMS  have  high  intensity  field-generating  coils  with  a  current  peak  of  between 
2  kA  and  8  kA.  This  way,  the  different  resulting  potential,  which  is  needed  to  induce  functional  stimulation  or 
inhibition  in  the  cortical  area,  can  be  achieved  and  it  can  be  done  with  a  600  ms  single-pulse  field  or  with  a  200 
ms  -  300  ms  double-pulse  field.  These  field  intensities  induce  currents  a  lot  higher  than  needed  to  obtain  a 
selective  effect.  Furthermore,  they  expand  over  too  large  areas  of  the  cortex  to  stimulate  a  target  area  round  a 
few  square  millimetres.  There  is  no  reliable  evidence  found  as  yet  to  prove  that  the  way  to  standardise  the  useful 
stimulation  intensity  may  be  based  on  the  evoked  muscular  potentials  obtained  after  stimulation.  Flowever,  the 
fact  that  low  intensity  does  not  yield  evoked  muscular  potentials  does  not  imply  there  is  not  any  effect.  There  are 
other  effects,  yet  subclinical,  that  can  be  more  relevant  than  the  evoked  motor  responses. 

Therefore,  localization  and  selective  stimulation  objectives  are  not  guaranteed  with  the  high-power  field  systems 
which,  additionally,  provide  undesirable  thermal  effects,  preventing  stimulation  for  long  periods  of  time.  The 
stimulated  cerebral  areas  selected  as  objectives  are  not  the  only  ones  receiving  this  induced  current.  Besides  the 
target  area,  there  are  stimulations  in  subcortical  areas  where  their  effect  is  yet  unknown,  or  where  undesirable 
effects  are  found,  with  hard  to  control  collateral  consequences. 

Conversely,  the  intensity  that  flows  through  our  coils  is  in  pA,  which  allows  for  stimulations  for  as  long  a 
duration  as  desired  without  adverse  effects  on  the  patient.  We  should  bear  in  mind  that  the  intensity  of  the 
current  is  so  high  as  it  flows  through  the  high-power  field  coils  that  there  is  a  noise  to  be  taken  into  consideration 
as  we  interpret  the  results  (Nikouline  et  al.,  1999).  However,  our  subject  can  not  hear  a  thing  and,  therefore,  does 
not  know  whether  the  current  is  flowing;  it  is  a  single  blind  experiment. 

High-power  field  stimulation  is  not  physiological  which  is  conceptually  different  from  low-power  field 
stimulation.  The  latter  tries  to  simulate  neuronal  biophysics  in  that  it  works  within  the  same  ranks  of  frequency 
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and  intensity,  whereas  a  high-power  field  is  quite  a  few  ranks  more  intense  than  natural  bioelectromagnetism  and 
works  with  antiphysiological  frequencies  (Gutierrez,  2004). 

After  a  decade  of  experimentation,  high-power  field  transcranial  magnetic  stimulation  has  not  yet  come  up  with 
a  treatment  for  relief  from  any  illnesses  (Wassermann  and  Lisanby,  2001).  However,  studies  on  low-power  field 
research  have  been  fewer,  isolated,  inhomogenous,  and  contradictory.  If  we  only  focus  on  the  physiological 
transcranial  stimulation  (at  pT  rank),  the  Sandyk,  Anninos’s  team  stands  out  alone  in  the  world  in  the  field  of 
therapeutics  as  they  aim  to  simulate  the  physiological  cerebral  magnetic  field  during  stimulation  (Sandyk  et  al., 
1993,  Anninos  et  al.,  2003). 

We  must  remark  that  all  the  studies  we  have  analysed  use  the  same  methodology;  firstly,  they  carry  out  a  basal 
registry,  then  they  stimulate  a  given  field  and,  finally,  they  record  EEG  post-stimulation;  the  results  are  then 
compared  and  the  “before-after”  differences  are  observed.  We,  on  the  other  hand,  apply  the  stimulation  and 
pause  it  serially.  This  allows  us  to  see  what  goes  on  at  consecutive  moments,  immediately  after  the  moment  of 
stimulation.  This  way,  we  do  not  need  to  observe  a  given  effect  much  later.  Furthermore,  we  use  direct 
application  coils  on  the  skull,  which  generate  small  fields  round  it  and  does  not  require  surrounding  the  subject 
with  a  large  field. 

By  using  pT  magnetic  field,  the  rank  of  physiological  stimulation  is  never  reached  as  opposed  to  those  other 
studies  which  usually  work  at  the  pT  rank. 

Summary 

We  aim  to  obtain  a  model  or  pattern  among  normal  subjects.  We  have  used  a  new  technique,  the  physiological 
TMS,  (validation  pending),  which  is  a  therapeutic  method  and  a  digital  EEG,  a  diagnostic  method.  Thus,  we  are 
subsuming  two  methods.  This  new  technique  allows  us  to  obtain  an  electroencephalographic  response  and  also 
to  measure  changes  in  the  rhythms  of  a  healthy  subject’s  brain,  (pattern  for  normality).  Physiological  TMS  at  10 
pT  and  8  Hz,  simulating  the  alpha  rhythm,  were  employed.  The  subject  does  not  know  when  stimulation  is 
taking  place,  so  this  study  is  single  blind. 

This  way,  we  obtain  a  mimetic  global  bioelectrical  neuronal  response,  as  the  alpha  rhythm  magnetic  field  is 
stimulated  and  the  brain  is  timed  to  it.  An  alpha  rhythm  displacement  towards  frontal  and  central  areas  of  the 
brain  was  also  observed. 
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Appendix 


Fpl  electrode 


alpha  beta  delta  theta 


Fp2  electrode 


alpha 


Fig  4.  Diagrams  of  Fpl,  Fp2,  F3,  F4  and  Cz  electrodes,  where  the  four  brain  rhythms  (alpha,  beta,  delta  and 
theta)  are  analysed.  For  each  rhythm,  the  left  column  stands  for  the  basal  state  data;  the  central  column,  at  10  pT 
stimulation,  and  the  right  column  stands  for  the  difference  between  the  other  two. 
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ABSTRACT 

Background:  Numerous  studies  have  demonstrated  the  utility  of  extremely  low  frequencies  (ELF) 
electromagnetic  fields  in  the  treatment  of  pain.  Moreover,  the  effects  of  these  fields  seems  to  depend  on  their 
respective  codes  (frequency,  intensity,  waveform). 

Purpose  of  the  study:  In  our  study  we  want  to  value  the  effects  of  the  TAMMEF  (Therapeutic  Application  of  a 
Musically  Modulated  Electromagnetic  Field)  system,  which  field  is  piloted  by  a  musical  signal  and  its 
parameters  (frequency,  intensity,  waveform)  are  modified  in  time,  randomly  varying  within  the  respective 
ranges,  so  that  all  possible  codes  can  occur  during  a  single  application. 

Ninety  subjects,  affected  by  chronic  low  back  pain,  were  enrolled  in  the  study  and  randomly  divided  into  three 
groups  of  30  patients  each:  A  exposed  to  TAMMEF,  B  exposed  to  ELF,  C  exposed  to  a  simulated  field.  All 
subjects  underwent  a  cycle  of  15  daily  sessions  of  30  minutes  each  and  a  clinical  examination  upon  enrolment, 
after  7  days  of  therapy,  at  the  end  of  the  cycle  and  at  a  follow-up  30  days  later. 

Results:  All  the  patients  of  groups  A  and  B  completed  the  therapy  without  the  appearance  of  side  effects:  they 
presented  a  significant  improvement  of  the  subjective  pain  and  the  functional  limitation,  which  remained  stable 
at  the  follow-up  examination.  In  group  C,  there  was  no  improvement  of  the  pain  symptoms  or  articular 
functionality. 

Conclusions:  This  study  suggests  that  the  TAMMEF  system  is  efficacious  in  the  control  of  pain  symptoms  and 
in  the  reduction  of  functional  limitation  in  patients  with  chronic  low  back  pain.  Moreover,  the  effects  of  the 
TAMMEF  system  cover  those  produced  by  the  ELF  field. 

Key  words:  electromagnetic  fields,  therapy,  low  back  pain,  TAMMEF. 


INTRODUCTION 

The  effects  of  the  various  types  of  low  frequency  electromagnetic  fields  used  in  clinical  practice  depend  on  their 
codes  (frequency,  intensity,  waveform,  the  number  of  impulses  per  train  and  the  interval  between  one  train  and 
another).  The  electromotor  forces  induced  at  a  given  point  of  a  biological  system  act  on  the  electric  charges 
present  which  respond,  causing  functional  modifications  in  the  cellular  microenvironment  (1-3). 

The  overall  biophysical  effect  can  be  appreciated  only  by  observation,  since  the  level  of  complexity  of  the 
system  does  not  allow  one  to  predict  what  mechanisms  of  action  will  predominate.  However,  it  is  possible  to 
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compare  the  effects  of  a  certain  field  with  those  of  an  all-inclusive  reference  field  whose  parameters  continually 
change  in  time  so  that  all  possible  codes  can  occur  in  a  single  application. 

Our  group  has  already  shown  the  efficacy  and  tolerability  of  the  extremely  low  frequency  (ELF)  field  in  patients 
affected  by  osteoporosis  (4),  rheumatoid  arthritis  (5)  and  osteoarthritis  (6,7).  Recently  to  evaluate  the  utility  of 
applying  the  widest  possible  magnetic  field,  we  introduced  the  new  TAMMEF  (Therapeutic  Application  of  a 
Musically  Modulated  Electromagnetic  Field)  system.  The  field  is  obtained  from  recorded  musical  passages;  thus 
its  parameters  (frequency,  intensity,  waveform)  are  modified  in  time,  randomly  varying  within  the  respective 
ranges,  so  that  all  possible  codes  can  occur  during  a  single  application  (6,7). 

The  aim  of  this  study  is  to  evaluate  the  efficacy  of  the  TAMMEF  system  in  the  treatment  of  chronic  low  back 
pain.  In  particular,  we  wished  to  ascertain  if  the  effects  of  the  field  piloted  by  a  musical  signal  are  comparable 
with  those  of  field  with  frequency  of  100  Hz  and  a  sinusoidal  waveform.  Both  fields  are  generated  by  an 
opposing  pair  of  heteronomous  polar  expansions  and  thus  present  the  characteristic  spatial  conformation. 


METHODS  AND  PATIENTS 


Methods 

The  instmments  used  to  generate  the  ELF  and  TAMMEF  fields  are  similar. 

An  audiotape  player  sends  the  relative  monochannel-microphone  signal  to  two  low  frequency  amplifiers  A  and 
B,  both  with  adjustable  gain.  The  current  from  amplifier  A,  modulated  according  to  the  recorded  signal,  feeds 
two  electromagnets  with  iron-silicon  cores  joined  posteriorly  by  a  ferromagnetic  arc.  The  anatomical  region  to 
be  treated  is  placed  between  the  opposing  faces  (3x4  cm)  of  the  polar  expansions.  The  current  from  amplifier  B 
feeds  a  loudspeaker  that  plays  the  pilot  musical  passage.  The  music  can  also  be  heard  through  headphones,  with 
automatic  exclusion  of  the  loudspeaker.  The  gain  of  amplifier  A  is  regulated  so  that  when  the  audiotape  contains 
a  sinusoidal  signal  with  frequency  of  100  Hz,  the  electromagnetic  field  is  equal  to  the  ELF  field  used  (about  3 
gauss  midway  between  the  poles  when  this  distance  is  30  cm).  This  set-up  is  then  left  unchanged  whatever  the 
contents  of  the  audiotape  used  subsequently.  The  patient  is  allowed  to  regulate  the  gain  of  amplifier  B,  with  the 
volume  preferred,  whether  the  music  is  being  transmitted  over  a  loudspeaker  or  into  a  headset. 

Patients 

Ninety  subjects  (63  females  and  27  males),  between  59  and  76  years  old,  affected  by  chronic  low  back  pain, 
were  enrolled  in  the  study  (table  la)  and  randomly  divided  into  three  groups:  A  =  30  patients  subjected  to 
TAMMEF,  B  =  30  patients  subjected  to  ELF  and  C  =  30  patients  subjected  to  a  simulated  field.  Group  C  was 
introduced  because  of  the  possibility  that  the  TAMMEF  effects  would  be  indistinguishable  from  those  of  the 
ELF,  and  thus  to  test  for  the  presence  of  a  substantial  placebo  effect.  All  the  patients  including  in  group  C 
listened  to  the  music.  Evaluation  of  the  stage  of  the  disease  was  based  on  the  radiographic  system  of  Kellegren 
and  Lawrence  (8).  The  clinical  examination  was  based  on  the  Million  Instmment  test  (9),  a  validated 
questionnaire  specific  for  back  pain.  On  the  basis  of  the  point  of  the  score  of  the  test,  the  patients  were  divided 
into  three  subgroups,  as  shown  in  Table  lb. 

All  the  subjects  were  out-patients  and,  correctly  informed  of  the  experimental  plan,  gave  their  written  consent. 
All  the  patients  underwent  a  cycle  of  15  daily  sessions  of  30  minutes  each,  with  application  of  the  magnets  in 
contact  with  the  lumbar  spine.  In  the  past,  all  the  patients  had  been  treated  occasionally  or  cyclically  with 
analgesic  (paracetamol)  or  non-steroidal  anti-inflammatory  drugs  (diclofenac,  or  piroxicam,  or  celecoxib,  or 
rofecoxib),  but  they  had  suspended  any  drug  at  least  15  days  before  the  beginning  of  the  cycle.  The  clinical 
examination  was  performed  when  the  patients  were  enrolled  in  the  study,  after  7  days  of  therapy,  at  the  end  of 
the  cycle  and  at  a  follow-up,  30  days  later  (10). 

The  evaluation  of  the  possible  therapeutic  effects  has  been  effectuated  using  the  Million  Instmment  test  as 
modified  by  the  authors:  we  have  divided  the  evaluation  of  pain  from  the  evaluation  of  articular  function  because 
of  the  well-known  subjectivity  of  pain  to  the  placebo  effect  (11). 

Statistical  analysis 

The  differences  between  the  means  of  the  various  parameters  at  0,  15  and  45  days  were  tested  by  Student’s  t  test 
or  Mann-Whitney-U  test  as  appropriate. 


RESULTS 

Above  all,  we  specified  that  no  significant  differences  were  found  between  the  three  groups  of  patients, 
concerning  private  data  and  their  degree  of  disease.  All  the  patients  of  group  A  and  B  completed  the 
therapeutic  cycle,  without  side-effects  that  might  have  required  suspension  of  the  treatment.  With  regard  to 
the  efficacy  of  the  therapy,  it  should  be  underlined  that  none  of  these  patients  had  to  take  analgesic- 
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antiinflammatory  drugs  during  the  cycle  and  that  all  the  patients  presented  a  significant  improvement  of 
both  subjective  pain  and  regional  functional  limitation.  In  particular,  in  the  TAMMEF  group,  the  subjective 
pain  progressively  decreased  in  all  subjects  even  after  the  first  week  and  regressed  completely  at  the  end  of 
treatment  in  24  (80%)  of  the  30  patients.  In  the  remaining  6  patients  (20%),  the  pain  symptoms,  albeit  not 
totally  regressed,  decreased  significantly  with  respect  to  the  basal  values  and  to  those  recorded  after  the  first 
week  (Figure  la).  In  the  ELF  group,  the  time  course  of  subjective  pain  was  equivalent  to  that  of  the 
TAMMEF  group,  with  complete  regression  in  23  patients  (76.6%)  and  a  significant  reduction  in  the 
remaining  7  patients  (23.4%)  (Figure  lb).  With  regard  to  the  evaluation  of  articular  functionality,  there  was 
a  significant  partial  recovery  of  mobility  in  all  patients,  starting  from  the  first  week  (thus  concomitant  with 
the  improvement  of  subjective  pain).  At  the  end  of  the  cycle,  in  the  TAMMEF  group,  21  patients  (70%) 
manifested  a  total  recovery  of  the  partially  compromised  articular  functionality,  while  9  patients  (30%) 
showed  a  significant  further  improvement  with  respect  to  the  already  positive  trend  recorded  after  the  first 
week  of  therapy,  although  they  did  not  achieve  a  total  functional  recovery  (Figure  2a).  In  the  ELF  group, 
there  was  a  total  functional  recovery  in  19  patients  (63.3%),  while  in  11  patients  (36.7%)  the  change  was 
similar  to  that  of  the  TAMMEF  group  (Figure  2b).  The  clinical  follow-up,  one  month  after  the  end  of  the 
cycle,  revealed  that  in  28  group  A  patients  (93.3%),  there  was  no  appreciable  variation  in  the  regression  or 
improvement  of  pain  symptoms  from  what  was  recorded  at  the  end  of  the  magnetotherapy;  in  the  other  2 
subjects  (6.7%),  there  was  a  clear  relapse  of  pain.  Flowever,  this  was  not  accompanied  by  a  concomitant 
worsening  of  articular  functionality,  which  continued  to  show  the  same  recovery  as  recorded  at  the  end  of 
the  therapy  one  month  previously.  There  was  a  very  similar  pattern  in  group  B:  in  27  patients  (90%),  there 
was  no  change  from  the  situation  at  the  end  of  therapy,  whereas  3  subjects  (10%)  reported  a  relapse  of  the 
pain  symptoms.  The  time  course  of  the  articular  pathology  was  clearly  different  in  the  30  subjects  of  group 
C.  Only  3  of  them  (10%)  presented  a  slight  subjective  improvement  of  the  symptoms  in  the  first  5  days  of 
the  cycle,  while  the  other  27  patients  (90%)  reported  no  significant  pain  reduction.  After  the  first  week, 
application  of  the  simulated  magnetic  field  had  to  be  suspended  in  12  group  C  patients  (40%)  because  of  its 
ineffectiveness,  while  the  remaining  18  patients  (60%)  completed  the  cycle.  At  the  end  of  treatment  and  at 
the  clinical  follow-up  one  month  later,  all  the  patients  who  completed  the  cycle  reported  no  improvement  of 
pain  symptoms  or  articular  functionality;  indeed,  there  was  a  slight  worsening  of  pain  (Figures  lc-2c). 


DISCUSSION 

All  the  patients  treated  with  TAMMEF  or  ELF  completed  the  therapeutic  cycle  and  manifested  a  significant 
improvement  of  the  clinical  picture.  The  two  electromagnetic  fields  had  equivalent  effects  and  produced  a 
so-called  “tail  effect",  continuing  after  the  suspension  of  therapy,  as  if  the  biophysical  action  interfered  with 
the  pathogenetic  mechanisms  of  the  disease,  probably  by  inhibition  of  the  inflammatory  process  (4,5).  The 
lack  of  efficacy  in  the  group  C  patients  confirms  the  therapeutic  effects  of  the  two  fields.  Indeed, 
considering  the  known  relationship  between  the  pain  pathways  and  the  psychic  habitus  of  the  patient  (12- 
14),  only  the  slight  improvement  of  pain  symptoms  initially  shown  by  the  group  C  subjects  could  be 
attributed  to  the  placebo  effect.  It  should  be  mentioned  that  all  the  patients  subjected  to  TAMMEF 
applications  stated  that  they  enjoyed  listening  to  the  music  and  they  manifested  a  psychological  attitude  of 
trust  and  satisfaction.  It  also  seems  that  these  patients  showed  more  evident  and  quicker  responses, 
although  this  was  not  statistically  significant  and  is  reported  only  as  an  impression  and  a  possible  topic  for 
future  research.  Our  results  confirm  the  efficacy  and  tolerability  of  low  frequency  magnetic  fields  as 
previously  reported  (4-7,10,15),  also  support  the  hypothesis  that  the  effects  of  magnetic  fields  with 
parameters  that  change  in  time,  like  those  produced  by  the  music -piloted  TAMMEF  system,  are  equivalent 
to  the  effects  of  the  ELF  field  (6, 7). Moreover,  in  relation  to  current  studies  on  interactions  between  the 
nervous,  endocrine  and  immune  systems  (16,17),  it  may  be  possible  to  combine  the  electromagnetic 
stimulus  with  the  corresponding  acoustic  stimulus,  i.e.  listening  to  the  pilot  musical  passage.  In  fact,  the 
two  mechanisms,  triggered  in  different  sites  and  acting  by  different  but  simultaneous  and  coherent 
channels,  might  produce  responses  that  reinforce  one  another  (18). 
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Figure  1  Evaluation  of  pain 


FIGURE  1A  -  Evaluation  of  pain  at  the  start  of  the  treatment,  after  7,  15 
(at  the  end  of  the  treatment)  and  45  days,  in  A  group 


FIGURE  IB  -  Evaluation  of  pain  at  the  start  of  the  treatment,  after  7,  15 
(at  the  end  of  the  treatment)  and  45  days,  in  B  group 
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and  the  end  of  the 
treatment  (15 
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between  the  start 
of  the  treatment 
and  the  final 
control  (45  days): 

■  p  <  0,01 

■  p  <  0,001 

■  p  <  0,001 


FIGURE  1C  -  Evaluation  of  pain  at  the  start  of  the  treatment,  after  7,  15 
(at  the  end  of  the  treatment)  and  45  days,  in  C  group 
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■  no  significant 

■  no  significant 
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Figure  2  Evaluation  of  functionality 


FIGURE  2A  -  Evaluation  of  functionality  at  the  start  of  the 
treatment,  after  7,  15  (at  the  end  of  the  treatment)  and  15  days, 
in  A  group 
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FIGURE2B-  Evaluation  offunctionalityatthe  start ofthe  treatment,  after 
7,  15  (atthe  end  ofthe  treatment)  and  45  days, 
in  B  group 
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■  p  <  0,01 

■  p  <  0,01 

■  p  <  0,01 


FIGURE  2C  -  Evaluation  of  functionality  at  the  start  ofthe 
treatment,  after  7,  15  (at  the  end  ofthe  treatment)  and  45  days, 
in  C  group 


91 

8- 

7 


1  7  15  45 

Days 


Statistical 
significance 
between  the  start  of 
the  treatment  and 
the  end  of  the 
treatment  (15  days): 

■  no  significant 

■  no  significant 

■  no  significant 

Statistical 
significance 
between  the  start  of 
the  treatment  and 
the  final  control  (45 
days): 

■  no  significant 

■  no  significant 

■  no  significant 


813 


Battisti  E.  et  all. 


Table  la  Personal  and  clinical  characteristics  of  the  examined  patiens  (Pts) 


Sex 

Pts’s  number 
(%) 

Mean  age 
(years  ) 

Duration  of  the  disease 
( years  ) 

M 

27  (  30  %  ) 

54,3  ±7,4 

10,6  ±2,2 

F 

63  (  70  %  ) 

58,6  ±7,2 

11  ±  3,3 

Total 

90  (  100  %) 

57,6  ±7,3 

10,9  ±2,9 

Table  1b  Clinical  characteristics  of  the  examined  patiens  (Pts) 


Pts  number 
(%) 

ABC 

Slight  disease 
(%) 

ABC 

Moderate  disease 
(%) 

A  B  C 

Severe  disease 
(%) 

ABC 

Pts  with  low 
back  pain  (%) 

30  30  30 

100%  100%  100% 

24  22  24 

48%  44%  48% 

20  22  20 

40%  44%  40% 

6  6  6 

12%  12%  12% 
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Abstract 

A  great  experience  of  investigation  of  the  EMF  influence  on  the  personal  computers  users’  health  has  been 
accumulated.  Carried  out  long-term  observations  of  the  health  condition  of  the  VDT  users  have  shown  that  stress 
of  their  main  life  support  systems:  central  nervous,  cardiovascular,  immune  has  been  observed.  Clinical- 
laboratory  data  have  been  obtained  by  the  results  of  the  profound  medical  examination  of  1052  investigated 
users;  from  them  467  men  and  585  women.  The  total  number  of  factors,  which  have  been  put  into  database,  is 
about  150000.  Statistical  processing  of  multivariate  data  was  used  for  revealing  early  signs  of  negative  influence 
of  the  factors  of  professional  activity  amongst  VDT  users.  It  is  shown  that  reduction  of  the  adaptation  capacities 
of  an  organism  is  noted  already  in  the  first  years  of  work  at  VDT.  It  causes  breaches  of  the  adaptation  processes: 
decline  of  the  functional  activity  of  the  antioxidant  systems  and  activation  of  the  processes  free  radicals 
oxidations,  oppression  of  the  immunological  reactivity.  Modification  of  the  immunological  and  biochemical 
indices  were  considered  and  analysed  with  regard  of  the  professional  seniority  and  age.  Such  approach  has 
allowed  revealing  the  symptoms  of  fore -pathology  of  some  part  of  working  with  VDT  and  referring  them  to  the 
defined  group  of  risk. 


815 


MODELING  AND  GIS  SOFTWARE  APPLICATIONS  FOR 
EMF  ENVIRONMENTAL  MONITORING  IN  SICILY 


S.  CALDARA,  P.  COSTANZA,  G.  LISCIANDRELLO 

REGIONAL  AGENCY  FOR  ENVIRONMENTAL  PROTECTION  OF  SICILY 

(ARPA  SICILIA) 

Via  U.  La  Malfa,  169  90146  Palermo  Italy 
scaldara@arpa.sicilia.it,  piero.costanza@gmaiI.it,  glisciandrello@arpa.sicilia.it 


Abstract 

Regional  Agency  for  Environmental  Protection  has  been  operating  for  5  years  in  Sicily  to  ensure  environment 
and  consequently  public  health  protection  from  EMF  exposure. 

This  paper  deals  with  EMF  monitoring  in  all  county  territory. 

In  order  to  increase  the  knowledge  of  sources  and  their  impact  on  environment,  a  register  of  telecommunication 
devices  has  been  implemented;  technical  items  have  been  used  as  inputs  for  modeling  tools  and  simulation 
outcomes  are  compared  with  measurement  results. 

All  these  data  are  collected  in  GIS  software. 

In  particular  mobile  phone  networks  and  broadcasting  systems  have  been  studied.  A  complex  site  for  TV  and 
Radio  broadcasting  is  reported  as  an  example. 

Moreover  some  comparison  between  two  different  simulation  software  has  been  developed. 

GIS  register  show  that  whole  Sicilian  territory  is  covered  by  mobile  phone  base  stations  with  high  concentration 
in  big  cities  (Palermo  and  Catania).  Simulations  have  been  used  to  determine  measurements  and  monitoring 
policy  according  to  particular  needs  related  to  special  places  like  schools,  hospital,  etc. 


Introduction 

The  development  of  new  telecommunication  systems,  as  mobile  phone  base  stations  and  broadcasting  antennas, 
as  well  as  electric  power  plants  and  power  delivery  lines,  even  if  has  contributed  to  improve  life  quality,  is  also 
responsible  of  the  increasing  human  exposure  to  electromagnetic  fields  (EMF)  from  manmade  sources  which  are 
to  be  added  to  natural  electromagnetic  irradiation. 

Italian  national  law  n.  36  of  2001,  separately  regulates  both  extremely  low-frequency  (ELF)  and  radio-frequency 
(RF)  electromagnetics  fields  and  makes  a  difference  between  acute  (thermal)  and  chronic  (non  thermal)  adverse 
health  consequences. 

Acute  exposures  are  associated  with  thermal  hazards  and  are  characterized  by  threshold  exposures  below  which 
no  health  effects  occur. 

In  case  of  long  term  exposure  to  low  (non  thermal)  levels  of  EMF  there  are  no  threshold  exposures  significant 
for  human  health.  In  this  case  health  risk  is  thought  to  be  of  probabilistic  nature:  if  the  time  exposure  increases 
not  the  magnitude  of  adverse  health  consequence  but  the  probability  to  have  consequences  increases. 

According  to  the  A.L.A.R.A.  caution  principle  of  keeping  the  exposure  to  lower  possible  level,  “attention 
values”  and  “quality  aims”  have  been  fixed;  they  are  not  safety  threshold  exposures  but  an  operational  reference 
for  prevention  and  public  health  protection. 

In  particular,  the  Italian  “DPCM  July  8th  2003”  law  arranges  “threshold  exposures”  (Tab.  1)  and  “attention 
values”  (Tab.  2)  to  prevent  short  term  and  possible  long  term  health  effects  due  to  exposure  to  EMF  generated  by 
RF  fixed  source  in  the  range  100  kHZ  up  to  300  GHz;  it  also  arranges  “quality  aims”  to  minimize,  in  a 
progressive  way,  people  exposure  to  EMF  and  measurement  standards. 

The  Regional  Agency  for  Environmental  Protection  of  Sicily  has  been  operating  for  5  years  in  Sicily  to  ensure 
environment  and  consequently  public  health  protection  from  EMF  exposure. 

The  Agency  has  an  important  role  of  technical  support  to  local  councils  by  giving  preventive  opinions  about  the 
installation  of  new  TLC  systems  based  on  existing  systems  emission  evaluation  compared  with  threshold 
exposures  and  attention  values. 
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Table  1  -  Threshold  exposures  (DPCM  July  8th  2003) 


Frequency  range  (MHz) 

RMS  e.  f.  E  (V/m) 

RMS  m.  f.  H  (A/m) 

Power  density  S  (W/m2) 

0,1  -  3 

60 

0,20 

- 

>3-3.000 

20 

0,05 

1 

>3.000-300.000 

40 

0,10 

4 

Table  2  -  Attention  values  (DPCM  July  8th  2003) 


Frequency  range  (MHz) 

RMS  e.  f.  E  (V/m) 

RMS  m.  f.  H  (A/m) 

Power  density  S  (W/m2) 

0,1  -300.000 

6 

0,016 

0,10 

Register  of  TLC  fixed  EMF  sources 
Mobile  phone  base  stations 

In  order  to  carriy  out  the  register  of  TLC  fixed  EMF  sources,  which  complies  with  the  Italian  law  n.  36/2001,  the 
Regional  Agency  for  Environmental  Protection  of  Sicily,  in  February  2003,  has  stipulated  an  agreement  with  the 
TLC  Companies  which  periodically  transfer  data  about  their  system. 

All  mobile  phone  base  stations  of  the  regional  area  have  been  then  geo-mapped  (Fig.  1  and  2).  In  particular,  each 
point  of  the  chart  represents  a  site  with  several  antennas  of  base  stations.  Of  each  site  Gauss-Boaga  co-ordinate, 
number  and  model  of  the  antennas,  the  power  (W),  the  gain  (dB),  the  frequency  and  the  eight  of  the  electrical 
center  are  known. 

As  we  can  see  from  figures  1  and  2  and  from  table  3  the  overall  regional  area  is  covered  by  mobile  phone  base 
stations.  The  highest  concentrations  are  specially  in  big  cities  (Palermo  and  Catania)  and  near  the  coastline. 
Table  4  highlights  the  lower  specific  power  of  3G  (UMTS)  systems  compared  with  GSM  technology  based  ones. 


Table  3  -  Base  stations  distribution 


Town 

n.  of  sites 

n.  of  antennas 

Total  power  (W) 

Palermo 

442 

1960 

46189 

Catania 

239 

1044 

22691 

Messina 

179 

650 

13696 

Trapani 

66 

264 

7735 

Siracusa 

72 

268 

6143 

Ragusa 

61 

93 

6226 

Agrigento 

25 

86 

2691 

Caltanissetta 

26 

93 

2183 

Fnna 

12 

36 

835 

Table  4  -  Base  stations  characteristics 

Frequency 

n.  of  antennas 

Power  (W) 

Specific  power  (W) 

GSM  -  900 

4110 

134925 

32,82 

GSM  -  1800 

2233 

52482 

23,50 

UMTS 

2878 

55712 

19,35 
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Figure  1  -  GIS  representation  of  mobile  phone  base  stations  distinguished  per  company 
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Figure  2  -  GIS  representation  of  mobile  phone  base  stations  distinguished  per  company 
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TV  and  Radio  broadcasting 

Data  concerning  Radio  and  TV  supplied  by  the  Telcomunication  Regional  Department  were  not  complete  so  that 
all  Radio  and  TV  company  in  the  regional  area  were  directly  asked  to  transfer  information  about  broadcasting 
systems. 

Such  action  brought  to  identify  eleven  crowded  multiple  antenna  sites  in  the  regional  area  (Fig.  3) 
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Figure  3  -  RTV  crowded  multiple  antenna  sites 

In  particular,  the  features  of  broadcasting  multiple  antenna  site  of  Caltanissetta  are  listed  below: 
Mount  S.  Anna 


• 

Total  power 

20950  W 

• 

Interested  Area 

1,8  km1 2 3 4 5 

• 

Specific  power 

1 1  mW/m2 

• 

N.  of  antennas 

9  RTV  antennas  (one  of  which  with  a  power  of  20000W) 

Mounts.  Giuliano 

• 

Total  power 

6160  W 

• 

Intersted  Area 

1,25  km2 

• 

Specific  power 

5  mW/m2 

• 

N.  of  antennas 

19  RTV  antennas  (one  of  which  with  a  power  of  2000W) 

Modeling  and  GIS  software 

The  Geographical  Information  System  (GIS)  is  based  on  a  relational  database  containing  all  technical 
information  of  EMF  sources,  a  cartography  managing  software  and  a  model  based  software  which,  starting  from 
geo-mapped  and  technical  information,  is  able  to  simulate  the  EMF  distribution  in  a  given  area. 

The  GIS  returns  the  following  informations: 

1.  number  and  positioning  of  geo-mapped  sistems  (Fig  1  e  2) 

2.  technical  data-sheets 

3.  photographic  documentation  (Fig.  4) 

4.  EMF  simulation  based  on  “Radmap  8.0”  2D  modelling  software  (Fig.  5). 

5.  EMF  simulation  based  on  “VICREM”  2D  and  3D  modelling  software  (Fig.  6). 
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Figure  4  -  Example  of  GIS  informations  (Caltanissetta) 


Figure  5  -  Example  of  Radmap  2D  simulation  in  Palermo 
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A1IALISI  CAMPO  ELETTROMAGHETICO 
Piano  Orizzontale 
Previsione  a  130.00  m  S.L.M. 

(Min,  Max)  -  <0.00,  1.19)  [V/m] 


Figure  6  -  Example  of  VICREM  2D  and  3D  simultation  in  Messina 
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Monitoring  network 

Continuous  EMF  monitoring  is  thought  to  be  a  suitable  answer  to  the  strong  citizens’  expectations  of 
environmental  controls  which  could  give  warranty  threshold  exposures  respect  24  hours  a  day. 

This  measurement  method  is  particularly  significant  because  it  takes  into  account  the  time  history  of  the  EMF 
level. 

The  ARPA  Sicilia  EMF  monitoring  network  is  based  on  182  mobile  monitoring  devices,  102  of  which  have  been 
supplied  by  the  Ugo  Bordoni  Foundation  for  a  national  monitoring  project. 

The  selection  of  monitoring  sites  has  been  based  upon  the  following  criterions: 

•  Analysis  of  already  known  sources  generating  EMF  levels  higher  than  threshold  exposures; 

•  Analysis  of  particular  sites  in  order  to  deal  with  the  public  concerns  about  potential  health  effects 
(schools,  hospitals,  etc.); 

•  Specific  claims  by  local  councils  or  citizens. 

In  Tab.  5  RF  EMF  (100  kHz  -  3  GHz)  monitoring  results  in  Sicily  in  2004  and  2005  are  reported. 


Table  5  -  Continuous  EMF  monitoring  results  (2004-2005) 


PROV. 

N.  town 
2004 

N.  town 
2005 

N.  town 
04/05 

N.  sites 
2004 

N.  sites 
2005 

N.  sites 
04/05 

N. 

hours 

2004 

N.  hours 

2005 

N.  hours 

2004  +2005 

AG 

4 

5 

7 

15 

11 

26 

12416 

16962 

29378 

CL 

1 

5 

5 

2 

30 

32 

839 

11260 

12099 

CT 

3 

9 

10 

40 

115 

155 

27182 

81480 

108662 

EN 

0 

2 

2 

0 

6 

6 

0 

3856 

3856 

ME 

5 

2 

7 

13 

15 

28 

6955 

5891 

12846 

PA 

6 

18 

19 

34 

157 

191 

14463 

72049 

86512 

RG 

1 

3 

3 

1 

13 

14 

186 

7920 

8106 

SR 

1 

2 

2 

1 

7 

8 

250 

5769 

6019 

TP 

5 

1 

5 

8 

1 

9 

8246 

411 

8657 

TOTAL 

26 

47 

60 

114 

355 

469 

70537 

205598 

276135 

Monitoring  results  can  be  collected  in  the  GIS.  In  Fig.  8  the  GIS  representation  of  monitoring  activity  in  the  city 
of  Palermo  is  shown. 

Monitoring  results  have  been  compared  with  the  simulation  software  outcomes  in  order  to  setup  the  models  and, 
at  the  same  time,  to  check  measurement  procedures.  The  correlation  between  measurement  results  and 
simulations  is  good  (Fig.  7  and  Tab.  6)  although  simulations  are  lower  than  measurements. 


Figure  7  -  Simulations  Vs  Measurements  correlation 


Table  6  -  Difference  between  measurements  and 
simulations  (V/m) 


simulations 

measurements 

difference 

1.55 

2.44 

0.89 

0.34 

1.34 

1 

1.8 

3.1 

1.3 

0.65 

1.65 

1 

0.3 

0.5 

0.2 

1.1 

2.2 

1.1 

2.62 

3.54 

0.92 

3.02 

4.14 

1.12 

0.22 

0.64 

0.42 

0.64 

1.03 

0.39 

average 

0.834 
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Figure  8  -  EMF  Monitoring  metadata  in  Palermo 


Summary 

In  this  paper  ARP  A  Sicilia  register  of  TLC  fixed  EMF  sources  is  presented.  The  Geographical  Information 
System  (GIS  )  which  all  these  data  are  collected  in  is  presented  as  well.  In  particular  mobile  phone  networks  and 
broadcasting  systems  have  been  studied  and  a  complex  site  for  TV  and  Radio  broadcasting  is  reported  as  an 
example. 

Register  data  contain  the  technical  items  which  have  been  used  as  inputs  for  modeling  tools;  simulation 
outcomes  have  been  compared  with  measurement  results  showing  an  high  correlation. 

GIS  register  show  that  whole  Sicilian  territory  is  covered  by  mobile  phone  base  stations  with  high  concentration 
in  big  cities  (Palermo  and  Catania). 

Moreover  the  results  of  RF  EMF  continuous  monitoring  in  Sicily  and,  in  particular,  graphical  GIS  data  of 
Palermo  have  been  reported. 
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Abstract 

Regional  Agency  for  Environmental  Protection  has  been  operating  for  5  years  in  Sicily  to  ensure  environment 
and  consequently  public  health  protection  from  EMF  exposure. 

Another  task  of  ARPA  Sicilia  is  the  correct  EMF  exposure  risk  communication  to  citizens. 

ARPA  Sicilia  is  already  partner  of  a  national  monitoring  program  which  gives  information  by  web  only  for 
mobile  phone  b.s.  generated  emf. 

This  paper  deals  with  the  use  of  EMF  modeling  and  GIS  software  results  as  possible  tools  for  a  clear  risk 
communication. 

In  order  to  increase  the  knowledge  of  sources  and  their  impact  on  environment,  a  register  of  telecommunication 
devices  has  been  implemented;  technical  items  have  been  used  as  inputs  for  modeling  tools  and  simulation 
outcomes  are  compared  with  measurement  results. 

All  these  data  are  collected  in  GIS  software  and  processed  to  generate  charts  which  gives  graphical  information 
about  base  stations,  TV  and  Radio  broadcasting  systems  and  power  lines  territorial  distribution,  simulations  of 
EMF  level,  monitoring  activity  results  and  petitions.  These  charts,  published  in  the  Agency  web  site,  can  be  a 
user-friendly  instrument  which  allows  people  to  get  a  correct  perception  of  risk  better  than  tables  or  numbers. 


Introduction 

In  the  societies  with  a  high  rate  of  industrialization  Citizens’  restlessness  is  increasing  for  the  possible 
consequences  of  technological  development.  Such  worries  derive  also  from  the  changed  image  of  science,  than 
in  general  terms,  it  is  not  anylonger  more  perceived  as  caretaker  of  “sure  knowledge”,  also  because  of  the 
inability  demonstrated  by  the  scientific  world  in  the  last  few  decades  to  preview,  to  manage  and  to  interpret  some 
catastrophic  events. 

The  risk  is  diffusely  perceived  and  it  invests  multiple  aspects  of  our  life,  the  fear  of  unexpected  events,  of 
personal  or  collectives  risks  is  so  intense  that  it  has  made  our  society  defined  as  ’’the  society  of  risk”. 
Particularly,  regarding  electromagnetic  fields,  the  worries  are  magnified  by  the  electromagnetic  fields  potential 
risks  evaluation  uncertainty. 

The  majority  of  the  papers  written  on  the  topic  have  often  been  of  dubious  interpretation,  moreover,  some  of 
them  present  methodological  inaccuracies  and  it  is  quite  difficult  to  make  comparisons  between  different  studies 
as  the  data  seem  to  be  strictly  related  to  the  various  methodologies  applied. 

In  ICNIRP’s  1998  guidelines  we  read  that:  the  results  of  epidemiological  studies  on  exposure  to  electromagnetic 
fields  and  neoplastic  pathologies  do  not  allow  the  creation  of  a  scientific  base  on  which  basing  the  guidelines  for 
the  exposure. 

Even  the  definition  of  possible  cancerogenous  for  the  50  -  60  Hz  EMF,  given  from  IARC,  takes  into 
consideration  the  fact  that  epidemiological  tests  so  far  carried  out  are  limited  and  the  tests  on  animals  limited  or 
inadequate.  In  this  situation  of  uncertainty,  mass  media’s  tendency  of  emphasising  such  kind  of  news,  surely 
contributes  to  instil  worries  to  citiziten  up  to  the  point  of  transforming  such  worries  in  a  real  society  issue 
In  the  past,  these  worries  were  looked  at  as  irrational  and  due  to  people’s  inability  to  understand  scientific  data 
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that,  through  probability  theory,  demonstrated  how  the  risk  related  to  a  given  technology  (for  example  in  terms 
of  human  life  losses)  was  insignificant. 

They  have  been  later  on  analyzed,  in  a  comprehensive  way,  the  complex  interactions  between  the  factors  that 
contribute  to  create  in  the  citizen  the  perception  of  the  risk  and  the  consequent  behaviours. 

In  particular,  fears  and  worries  on  the  risk  deriving  electromagnetic  fields  are  inexplicable  if  the  risk  is  only 
defined  through  statistical  calculation. 

The  results  of  such  studies  have  highlighted  some  persisting  aspects  which  contribute  to  expand  risks’  perception 
from  electromagnetic  fields.  Such  aspects  can  be  summarized  as  follows: 

•  Lack  of  confidence,  the  risk  is  more  feared  as  it  is  caused  by  an  immaterial  and  imperceptible  physical 
agent; 

•  Uncontrollability,  the  subject  exposed  to  the  risk  by  not  being  able  to  control  exposure  feels  incapable 
of  dealing  with  the  risk; 

•  Uncertainty,  there  are  no  realiable  evidences  about  consequences,  the  apprehension  is  augmented  by  the 
fact  that  the  risk  could  actuall  be  greater  for  children  and  that  the  possible  effects  could  manifest 
themselves  even  after  a  long  period; 

The  World  Health  Organisation  launched  in  1996  an  international  programme  on  electromagnetic  fields, 
suggesting  the  evalution  of  health  and  environment  risks  with  the  aim  of  defining  research  protocols  to  be  carried 
out  following  standards  compatible  and  comparable  among  them.  This  project  will  be  ended  by  2006. 

In  July  2003,  when  the  first  block  of  activities  was  over,  ARPA  Sicilia  organised  a  conference  on  the  topic  which 
marked  the  beginning  of  a  new  path.  All  the  stakeholders,  which  are  involved,  in  the  field  ,  have  been  invited  to 
participate  from  TLC  companies  to  environmental  association  not  forgetting  the  institutional  stakeholders 
involved  in  the  overall  managing  of  the  problem. 

Such  occasion  has  been  useful  in  order  to  start  a  dialogue,  an  essential  premise  to  establish  a  climate  of  mutual 
confidence  needed  to  be  able  to  manage  the  problem  effectively. 


Risk  communication 

ARPA  Sicilia’s  plan  for  the  communication  of  the  risk  due  to  electromagnetic  fields  exposure  previews  two 
articulations:  on  one  hand,  the  essencial  “usual”  communication,  even  if  accompanied  by  the  use  of  the  Internet, 
on  the  other  hand,  the  new  approach  of  communicating  the  results  of  monitoring  activities  aimed  at  encouraging 
and  promoting  citizens’  involvement. 

Taking  into  account  these  premise,  a  study  on  health  implications  deriving  from  the  exposure  to  the 
electromagnetic  fields  has  been  commissioned  the  Department  of  Biotechnologies  of  the  Medicine  Faculty  of  the 
University  of  Palermo.  The  results  of  this  research  are  avalaible  on  the  Internet  (www.arpa.sicilia.it). 

Starting  from  a  preliminary  analysis  of  potential  users’  characteristics,  the  documents  have  been  drawn  up 
modelling  the  type  of  information  to  the  different  targets. 

The  preferred  approach  was  based  on  divulgation,  in  fact,  the  adoption  of  a  winning  graphic  and  animated 
images,  allowed  not  only  to  render  basic  concepts  of  physics  easily  comprehensible  (an  example  could  be  the 
difference  between  an  electric  field,  a  magnetic  field  and  electromagnetic  field  or  between  direct  current  and 
alternating  current),  but  also  epidemiology  fundamental  principles  and  base  terminology. 

The  opportunity  of  getting  deeper  on  the  subject  has  also  been  guaranteed  (links  to  specialized  sites  and  a  list  of 
downloadable  epidemiological  studies) 

Beside  the  communication  of  “usual”  type,  the  plan  currently  being  developed  aims  at  the  diminution  of 
“uncontrollability  of  the  risk”  feeling  and  at  responding  adequately  to  the  citizen  steadily  increasing  need  of 
involvement  through  the  adoption  of  GIS. 


The  GIS  software 

The  system,  in  ArcMap  environment,  allows  the  geo-mapping  of  electromagnetic  fields  sources  of  all  types, 
from  radio  frequency  (RF)  and  low  frequency  (ELF)  collecting  all  the  data  in  a  database  containing  all  the 
physical  parameter  that  allow,  by  using  ad-hoc  models  of  calculation,  to  make  forecasts  about  the  distribution  of 
a  electric  or  magnetic  field  in  a  given  area.  Such  simulations  can  be  carried  out  on  horizontal  and  vertical  plans 
and  to  be  overlapped  to  the  cartography  (orthophotographs  and/or  technical  charts)  for  a  correct  understanding  of 
the  results  in  their  context.  It  is  also  possible  to  relate  the  distribution  of  field  with  the  buildings’s  height  in  order 
to  characterize  possible  critical  situation. 

In  order  to  obtain  a  structured  and  versatile  communication  a  multi-steps  and  multi-phases  procedural  approach 
needs  to  be  followed.  The  different  phases  are  summarized  in  the  following  diagram: 
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Phase  1 

In  this  phase  the  elementary  information  is  received  in  the  form  of  a  electronic  sheet  in  a  classic  tabular 
structure. 

Phase  2 

The  rough  data  (radioelectric  parameters,  geographic  coordinates,  etc)  are  carefully  examined,  corrected  if 
imprecise  or  incongruous,  and  once  validated,  manipulated  in  order  to  take  the  most  suitable  format  for  the 
successive  elaborations  (e.g.  a  file  text  information  containing  the  attenuations  in  dB  of  the  diagram  of  radiation 
of  a  given  antenna  ,  needs  to  be  converted  in  a  numerical  format,  or  still  it  is  necessary  to  execute  the  conversion 
of  co-ordinates  for  a  corrected  geo-mapping).  This  often  is  the  most  laborious  phase  due  to  the  various  kinds 
of  adjustments  needed. 

Phase  3 

In  this  phase  the  data  are  organized,  subdivided  and  correlated  among  them  in  order  to  reflect  the  logical 
relational  model  of  the  date  base  (already  pre-existing)  on  which  the  tool  of  simulation  is  based.  Congruency 
controls  are  carried  out  and  the  original  electronic  sheet  format  is  abandoned  in  favour  of  a  most  suitable  one 
such  as  MsAccess. 
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Phase  4 

At  this  point,  usually  by  means  of  specific  queries,  data  are  exported  into  DBMS  Oracle  as  implied  by  the 
simulation  tool  and  essential  for  its  correct  functioning. 

Phase  5 

To  complete  the  supply  of  input  data  and  to  improbe  the  output  data,  it  can  be  useful  to  collect  additional 
information  such  as  cartography,  orthofotographies,  raster  images.  Particular  attention  needs  to  be  paid  to 
cartographic  data  nearly  always  subordinate  to  procedures  of  adaptation  (e.g  poly-lines  in  polygons,  creation  of 
shapefiles,  etc)  and  of  conversion  of  coordinates. 

Phase  6 

The  epilogue  of  this  sequence  of  activities  is  the  creation  of  a  visual  environment  rich  of  details,  able  of 
producing  visual  and  analytical  reliable  results  for  an  immediate  perception  of  the  informative  message  derived 
from  the  analyses. 

The  informative  system  also  allows  to  geo-map,  by  collecting  the  relevant  information  (meta  data),  not  only  the 
control  activity  carried  out  by  ARPA’s  Provincial  Laboratories  but  also  the  continuous  monitoring  activities  and 
the  state  of  claims  and  demands  of  the  population  resident  on  the  territory. 


Fig.  1  GeoMapping  of  Mobile  Phones  Basic  Radio  Station  in  the  City  of  Trapani 
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Fig.  2  Example  of  simulation  of  the  distribution  of  electromagnetic  field  from  RF  source 


Fig.  3  Example  of  simulation  of  the  distribution  of  electromagnetic  field  from  ELF  source 


In  this  way,  the  Agency  monitoring  activities  will  be  available  on  the  Internet. 

The  customer  will  be  able  to  interact  with  the  digital  thematic  chart  obtained  through  the  elaboration  of  the  data 
already  supplied  by  the  companies;  such  elaborations,  even  with  the  approximations  tied  to  the  intrinsic 
simplifications  of  every  model,  will  concur,  intercrossed  with  the  data  of  citizens’  demands,  to  spot  on  the 
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territory  the  situations  on  which  the  worries  of  the  population  are  mainly  concentrated. 

Following  the  identification  of  such  areas,  it  will  be  possible  to  define  “the  sensitive”  areas  from  the  point  of 
view  of  the  emotional  impact  on  the  population,  even  if  in  such  zones  an  overcoming  of  the  limits  of  exposure  or 
the  values  of  attention  (as  defined  in  Italian  law)  is  not  found  or  expectable. 


Fig.  3  Example  of  simulation  chart,  citizens’  claims  and  demands  theme  and  monitoring  results. 


The  graphical  reppresentetion,  containing  all  the  themes  synthesizing  all  the  informational  elements  used  ,  will 
contribute  to  plan  the  monitoring  activity  let  alone  to  communicate  such  programming  by  taking  into  account 
two  elements:  the  quantitative  data  (the  estimated  value  of  the  levels  of  electromagnetic  field)  and  the 
population’s  perception  level  towards  the  problem  manifested  through  claims,  petitions,  activity  of  civil  society 
association  etc..  In  such  identified  areas,  by  applying  a  priority  order  determined  trough  the  analysis  of  the 
quantitative  element  (outcomes  of  measures  or  provisional  calculations)  monitoring  devices  will  be  put  in  place 
and  the  collected  data  will  be  made  available  directly  to  the  customer  on  the  net. 

The  addressee  of  the  information,  will  be  able  to  interact  with  the  thematic  charts,  on  which  they  will  be 
highlighted:  the  forecasted  distribution  of  the  levels  of  electromagnetic  field,  the  claims,  the  monitoring-devices 
position.  Connected  to  the  theme  of  monitoring-devices,  measure  outcomes  and  graphs  on  the  monitoring 
activity  will  also  be  displayed. 

Conclusions 

With  such  procedure  that  does  not  have  a  conclusion,  but  it  is  under  continuous  update,  it  will  be  possible  for  the 
citizen  to  follow  the  monitoring  in  all  its  phases,  from  the  planning  to  the  communication  of  the  validated  data. 

It  is  believed  that  this  way  of  transmitting  the  information,  which  supplies  contextualized  data  on  the  territory 
which  the  customer  can  interact  with,  can  be  more  effective  as  compared  to  a  sterile  communication  of  numbers 
or  diagrams  of  difficult  reading  and  comprehension  and  that  it  can  contribute  to  clear  the  legitimate  doubts  of 
people  and  to  supply  to  citizens  the  instruments  needed  to  acquire  an  effective  knowledge  of  the  problem. 
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ABSTRACT 

Genomic  instability  is  characterized  by  genetic  alterations  such  as  chromosomal  rearrangements, 
aneuploidy,  micronuclei  frequency  increase,  microsatellite  instability,  mutations,  gene  amplification,  gene 
transcription  changes,  transformation  and  cell  death  in  the  first  and  following  generations  of  cells  after  the  first 
insult.  We  have  investigated  the  effect  of  AMPS  and  CDMA  radiation  in  cultured  blood  samples  from  10 
donors  in  200  replicates  after  72hs  exposure  in  a  specially  designed  exposition  set  up  (TEM  CELL)  at  SAR 
levels  from  0,8  to  lOW/kg.  The  genome  was  investigated  for  structural  chromosomal  abnormalities,  micronuclei 
frequency  and  aneuploidy  of  chromosomes  8  and  17  through  both  conventional  and  molecular  cytogenetics 
(FISH)  techniques.  Genomic  changes  such  as  chromosomal  breaks,  translocations,  marker  chromosomes  and 
aneuploidy,  when  compared  to  the  controls,  were  detected  in  SAR  levels  above  5W/kg  as  well  as  the  increase  of 
micronuclei  frequency  above  lOW/kg.  As  genomic  instability  and  chromosome  damage  are  frequently  related  to 
tumorigenesis,  our  findings  support  the  hypothesis  of  a  positive  effect  of  RF  radiation  on  the  genome  of  cultured 
blood  cells  and  also  give  further  evidence  to  suggest  continuous  cytogenetic  investigation  of  occupationally 
exposed  individuals  to  SAR  levels  above  the  accepted  international  limits. 


INTRODUCTION 

In  vitro  studies  are  important  to  delineate  possible  damage  mechanisms  caused  by  non-ionizing 
radiation  or  radiofrequency  (RF)  fields  and  its  interaction  with  biological  systems  such  as  cells,  tissues  and 
organisms.  The  main  advantage  of  these  studies  are  the  possibility  to  control  almost  all  variables  and  test 
conditions  to  discard  interferences  and  also  to  delineate  investigation  targets  to  be  explored  through  in  vivo  and 
clinical-epidemiological  studies. 

Genomic  instability  (GI)  has  been  identified  mostly  in  tumor  cells  and  is  characterized  by  the 
accumulation  of  multiple  changes  that  converts  the  genome  of  a  normal  cell  into  an  instable  genome  [1],  This 
instability  is  characterized  by  genetic  alterations  such  as  chromosomal  rearrangements,  aneuploidy,  micronuclei 
frequency  increase,  microsatellite  instability,  mutations,  gene  amplification,  gene  transcription  changes, 
transformation  and  cell  death  in  the  first  and  following  generations  of  cells  after  the  first  insult  [2], 

In  vitro  investigations  in  different  cell  systems  have  shown  both  a  positive  and  negative  association  of 
cell  damage  leading  to  GI  after  RF  exposure  although  most  of  them  were  attributed  to  thermal  effects.  These 
groups  suggested  that  RF  is  not  mutagenic  by  itself  and  that  the  adverse  effects  of  such  exposition  would  be  due 
to  hyperthermia  caused  by  cell  exposition  in  high  frequencies  or  high  intensity  fields  [3, 4, 5, 6]. 
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By  the  other  hand,  aneuploidy  of  chromosome  17  was  observed  in  a  dose-dependent  way  along  with 
alterations  related  to  chromosome  segregation  suggesting  that  RF  can  interfere  in  the  cell  cycle  and  cause 
chromosome  damage  and  genomic  instability  in  temperature  controlled  exposition  environments  [7].  Other 
events  were  observed  and  associated  with  RF  dose -dependent  exposition  such  as  transmembrane  efflux  of 
molecules,  transcription  errors,  cell  transformation,  enzyme  activity  changes,  fosforilation  of  hsp27  (heat  shock 
protein  27)  and  increase  ofmRNA  levels  of  the  FOS  gene  [8,9,10,11,12]. 

Since  there  is  a  major  concern  regarding  the  association  of  RF  exposition  and  tumorigenesis  and  as 
genomic  instability  is  one  of  the  first  events  for  tumor  onset  we  investigated  the  frequency  of  chromosome 
damage,  micronuclei  formation  and  aneuploidy  in  lymphocytes  submitted  to  RF  fields  in  a  controlled  and  highly 
monitored  exposition  set-up. 

MATHERIALS  AND  METHODS 

The  study  population  consisted  of  10  healthy,  non-smokers  male  and  female  subjects  that  were  not  X-rayed 
in  the  last  12  months.  The  study  was  approved  by  the  University’s  and  by  the  National  Ethical  Committee 
(CONEP).  Participants  were  informed  of  the  study  aims  and  asked  to  sign  consent.  Venous  blood  samples  were 
collected  in  coded  heparinized  tubes  and  divided  to  be  used  in  different  assay  as  both  test,  sham-exposed  and 
control  samples. 

1.  Cytogenetics:  short-term  lymphocytes  cultures  were  established  using  0,5  ml  of  blood  added  to  HAM 
F-10  medium  (NUTRICELL)  supplemented  with  phytohaemagglutinin  (INVITROGEN)  and  10%  of 
fetal  bovine  serum  (NUTRICELL).  Cells  were  harvested  after  72  hours  of  stimulation  and  colcemid 
(INVITROGEN)  was  added  1  hour  before  harvesting.  Cultures  were  submitted  to  hypotonic  shock  for 
10  min  with  0,075  M  KC1  at  37o.C  and  then  fixed  in  methanol-acetic  acid  (3:1)  washes  3  times.  For 
conventional  cytogenetics  analysis,  after  being  air-dried  and  dropped  onto  glass  slides  in  a  humidified 
chamber,  lymphocytes  were  stained  with  5%  Giemsa-Wright  solution  for  6  minutes.  Structural 
aberrations  such  as  chromatid  and  chromosome  gaps  and  breaks,  acentric  and  dicentric  fragments, 
double  minutes,  satellite  increase  were  evaluated.  Each  abnormality  was  scored  as  an  event.  Mean 
frequencies  were  obtained  for  each  exposition  type.  For  each  donor,  200  cells  were  analyzed.  For 
aneuploidy  analysis,  centromere  probes  for  chromosomes  8  and  17  (QBIOGENE)  were  hybridized 
through  mini-preps  FISH  assays  according  to  the  manufacturer’s  instructions.  Mini-preps  were 
obtained  dropping  10  pi  of  cell  suspension  onto  glass  slides.  For  each  probe,  200  cells  were  analyzed, 
per  donor.  Cells  containing  less  and  more  than  2  hybridization  signals  were  scored  as  aneuploidy. 
Mean  frequencies  were  obtained  for  each  exposition  type. 

2.  Micronuclei:  lymphocytes  cultures  were  established  as  described  previously  for  the  cytogenetics  assays 
but  Cytochalasin  B  (SIGMA)  was  added  after  44  h  of  estimulation.  Cells  were  also  submitted  to 
hypotony  but  fixed  only  in  methanol,  3  times.  Cells  were  stained  with  5%  Giemsa-Wright  solution  for 
6  minutes.  For  each  donor,  1000  cells  were  analyzed  and  the  mean  frequencies  for  each  exposition  type 
were  obtained.  Micronuclei  were  evaluated  only  with  SAR  values  of  0,8  and  lOW/kg  using  AMPS 
technology. 

The  exposition  set  up  was  especially  designed  for  this  project.  A  transverse  electromagnetic  cell  (TEM  CELL) 
was  used  to  irradiate  the  samples  inside  an  incubator  at  37oC  (Figure  1A)  for  72  hours  that  is  the  current 
standard  time  to  obtain  metaphases  for  cytogenetic  analysis.  Temperature  was  corrected  by  air  insufflations, 
when  necessary,  especially  in  high  SAR  levels.  All  exposition  parameters  were  controlled  and  the  conditions  to 
obtain  the  desired  SAR  levels  were  measured  and  established  before  the  experiments  through  the  robotic  device 
DASY4  (Figure  IB).  Cell  cultures  were  submitted  to  0,8;  2,0;  5,0  and  10,0  W/kg  SAR  levels  in  AMPS  and 
CDMA  technologies.  Sham  exposed  (all  transportation  conditions  and  no  exposition)  and  control  samples 
(patient  control,  no  transportation  conditions,  no  exposition)  were  also  analyzed. 


Figure  1:  Exposition  set  up.  A. 
characterization  and  calibration. 


Diagram  of  the  exposition  system.  B.  DASY4  robotic  device  for  set  up 
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RESULTS 

The  results  for  chromosome  abnormalities,  aneuploidy  of  chromosomes  8  and  17  and  micronuclei 
frequency  are  summarized  in  Table  1 . 

Table  1 .  Summarized  results  of  the  genomic  imbalances 


Type 

SAR 

Chromosome  Ab. 

Aneup  17 

Aneup  8 

Micronuclei  Freq  (%) 

Mean 

Range 

Mean 

Range 

Mean 

Range 

Mean 

Range 

CDMA 

2 

0,019 

0-0,058 

0,48 

0,96-1,92 

0 

0-0 

5 

0,021 

0-0,070 

0,13 

0-0,95 

2,15 

1,96-6,14 

10 

0,039 

0-0,079 

2,91 

0-5,56 

4,44 

4,0-9,84 

AMPS 

0,8 

8,93 

(7,39-10,76) 

2 

0,006 

0-0,035 

0,53 

0,97-1,79 

1,26 

0,98-2,91 

5 

0,016 

0-0,043 

0,54 

0,94-1,92 

2,4 

0,81-4,50 

10 

0,025 

0-0,055 

6,1 

3,17-10,62 

4,19 

1,47-7,38 

13,36 

(6,06-19,44) 

Control 

0 

0-0 

1,04 

0,65-2,80 

0,375 

0-1 

4,07 

(2,30-6,56) 

SHAM 

0,006 

0-0,035 

1,31 

0,99-1,96 

0,492 

0-1,96 

8,74 

(7,50-11,24) 

A  dose  dependent  effect  was  clearly  noted  for  all  the  evaluated  patterns  as  the  abnormalities  were 
shown  to  be  more  frequent  as  higher  were  the  SAR  levels  of  exposition  despite  of  CDMA  and  AMPS 
technologies. 

The  most  frequent  observed  chromosome  abnormalities  were  chromosome  and  chromatid  breaks 
although  other  events  such  as  fragment  deletions  and  amplifications  as  well  as  ring  chromosomes  were  also 
found  as  shown  in  Figure  2. 


Figure  2:  Chromosome  Abnormalities  A.  Satellite  length  increase.  B/C.  Chromosome  breaks.  D. 
Chromatid  gap.  E.  Deletion.  F.  Ring  Chromosome  G.  Acentric  Fragment.  H.  Amplification 
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The  micronuclei  frequency  has  increased  with  SAR  levels  of  lOW/kg  and  the  results  obtained  with  a 
SAR  level  of  0,8  W/kg,  which  is  close  to  what  a  person  might  be  exposed  realistically,  was  very  similar  to  the 
frequency  obtained  in  the  sham-exposed  samples.  Aneuploidy  of  chromosome  1 7  was  considered  relevant  only 
with  SAR  levels  of  lOW/kg,  when  compared  to  the  mean  frequencies  of  the  control  and  sham  exposed  samples. 
Aneuploidy  of  chromosome  8  was  considered  relevant,  when  compared  to  the  controls  only  with  SAR  levels  of 
5  and  lOW/kg. 


DISCUSSION 

A  general  concern  for  people  that  are  exposed  to  RF  fields,  especially  with  the  increasing  number  of 
cell  phone  users,  is  the  connection  between  radiation  and  cancer.  Genomic  instability  is  largely  found  in  tumor 
cells  and  there  is  a  strong  evidence  that  high  SAR  levels,  above  the  international  regulation  limits,  may  have  a 
genotoxic  effect  and  induce  DNA  damage  at  some  level. 

It  is  interesting  to  note  that  aneuploidy  and  chromosome  damage  have  been  considered  two  of  the  most 
notorious  transformation-related  events  in  tumorigenesis  because  it  precedes  malignant  transformation  in  many 
tumors.  Cancer  aneuploidy  and  other  imbalances  affect  gene  dosage  and  a  large  number  of  proteins  including 
those  involved  in  the  mitotic  spindle  apparatus  resulting  in  a  self-perpetuating  chromosomal  instability  [13].  As 
we  detect  genomic  imbalances  in  blood  cells  submitted  to  increasing  SAR  levels  we  remain  to  understand  if 
these  instable  cells  are  still  capable  to  escape  to  an  apoptotic  via  in  order  to  exterminate  the  imbalanced  clones 
and  preserve  tissue  integrity.  We  have  observed  much  more  translocations  and  marker  chromosomes,  yet  to  be 
identified  through  SKY  (spectral  karyotyping)  than  dicentrics,  acentrics  and  rings  which  are  considered  much 
more  unstable  aberrations  with  fast  disappearance  in  vivo  [14,15]. 

In  response  to  genotoxic  such  as  RF,  various  chemicals  and  reactive  cellular  metabolites,  cell  cycle 
checkpoints  that  slow  down  or  arrest  cell  cycle  progression  can  be  activated,  allowing  the  cell  to  repair  or 
prevent  the  transmission  of  damaged  or  incompletely  replicated  chromosomes.  The  balance  between  cell  cycle 
arrest,  damage  repair  and  initiation  of  cell  death  could  determine  if  cellular  or  DNA  damage  is  compatible  with 
cell  survival  or  requires  cell  elimination  by  apoptosis.  Defects  in  these  processes  may  lead  to  hypersensitivity  to 
cellular  stress,  and  susceptibility  to  DNA  damage,  genomic  defects,  and  resistance  to  apoptosis,  which 
characterize  cancer  cells.  This  is  the  main  issue  to  justify  chromosomal  studies  in  in  vitro  models  [16]. 
Molecular  chromosome  techniques  such  as  CGH  -  Comparative  Genomic  Flybridization  [17]  and  SKY  - 
Spectral  Karyotyping  [18]  can  add  more  information  to  conventional  cytogenetics  reports  and  indicate  hot  spots 
for  chromosome  structural  abnormalities. 

When  individuals  exposed  to  RF  in  a  work  environment  were  evaluated  it  was  shown  that  other  factors 
might  potentiate  the  clastogenic  effects  of  RF  radiation  such  as  light  deprivation  resulting  in  a  disturbance  of 
melatonin  secretion  [19].  Such  observations  may  explain  the  fact  that  our  sham-exposed  samples  have  always 
shown  higher  mean  frequencies  of  abnormalities  when  compared  with  the  controls  alone.  It  is  necessary  to 
consider  that  epigenetic  and  environmental  factors  may  play  an  important  role  to  potentiate  the  radiation  effect 
on  the  DNA. 

Our  findings  support  other  groups’  results  as  we  were  able  to  demonstrate  a  dose-dependent  effect 
against  the  genome  particularly  with  SAR  levels  above  5W/kg  [20]. 

The  set  up  system  used  for  the  expositions  was  carefully  designed  to  meet  the  needs  described  at  the 
WHO'S  EMF  International  Project.  Parameters  such  as  temperature,  power  input  and  output,  TEM  CELL 
characterization  prior  to  the  experiments  and  experimental  dosimetry  tests  were  developed  and  taken  into 
account  to  achieve  reliable  results  in  isothermal  conditions. 

Our  results  have  shown  the  importance  of  genomic  analysis  especially  through  conventional  and 
molecular  cytogenetics  techniques  and  suggest  the  use  of  continuous  cytogenetics  analysis  especially  for 
occupationally  exposed  professionals  who  are  the  ones  that  might  be  exposed  to  higher  SAR  levels  [15]. 

We  are  yet  to  describe  the  effect  of  RF  in  different  systems  and  exposition  parameters  specially  with 
regard  to  an  intermittent  mode  of  radiation  exposure. 
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Abstract 

An  exact,  analytical  solution  has  been  used  to  calculate  the  electromagnetic  (EM)  radiation  emitted  by  an  active 
implant  within  an  eccentric-spheres,  human  head  model  and  variations  thereof.  The  EM  field  is  determined  by 
use  of  Green's  dyadic  for  a  lossy,  dielectric  sphere  containing  any  number  of  lossy,  dielectric,  spherical 
inclusions.  The  inclusions  can  be  placed  anywhere  within  the  host  sphere.  The  source  is  a  point  dipole 
encapsulated  within  a  tiny,  lossless,  dielectric  sphere.  In  theory,  this  implant  can  be  placed  anywhere  within  the 
head  model;  calculations  have  been  made  with  the  implant  inside  the  scull,  either  at  the  side,  near  a  temple,  or  at 
the  side  of  the  jaw.  Numerical  results  have  been  obtained  for  frequencies  ranging  from  400  MHz  to  4  GHz.  The 
effect  of  the  orientation  of  the  dipole  source  has  been  investigated.  The  radiation  absorbed  by  the  head  model 
has  been  studied  by  use  of  plots  of  the  total  absorbed  power  per  tissue  against  the  frequency  as  well  as  by  use  of 
maps  of  the  Specific  Absorption  Rate  (SAR)  on  cross  sections  of  the  head. 

I.  Introduction 

The  growing  interest  of  the  scientific  community  in  the  implantation  of  active  antennas  inside  the  human  body 
has  been  related  to  communication  and  monitoring  purposes.  In  this  paper  the  operation  of  an  active  implant, 
which  radiates  in  the  RF  or  microwave  band,  from  within  the  human  head  has  been  examined.  Applications  of 
this  study  may  include  (a)  comparisons  of  SAR  calculations  with  the  guidelines  of  international  standards,  (b) 
controlled  absorption,  aimed  at  therapeutic  interventions,  and  (c)  diagnosis  of  anatomical  abnormalities  through 
measurements  of  near-  or  far-field  radiation  escaping  from  the  head. 

The  analytical  solutions  that  have  been  made  available  over  the  years  treat  the  human  head  as  a 
multilayered,  lossy,  dielectric  sphere  [  1  ]-[3] .  Herein,  an  eccentric-spheres  model  of  the  human  head  and  two 
simplified  versions  thereof  have  been  considered.  The  implanted  antenna  is  an  infinitesimal,  electric  dipole 
encapsulated  within  an  acrylic  sphere,  which  immunes  the  source  dipole  from  the  surrounding  tissue,  which  may 
be  conductive. 

From  the  point  of  view  of  eventual  health  hazards  of  communication  devices,  the  focus  is  on  the  power 
absorbed  by  the  brain,  the  appearance  of  hot  spots,  and  the  peak  SAR  values.  Furthermore,  the  characteristics  of 
the  implant  are  investigated  by  calculations  of  the  delivered  power,  maps  of  the  electric-field  intensity  around 
the  head,  and  far-field  radiation  diagrams. 


II.  Head  Model  and  Implant 

All  three  head  models,  which  are  of  interest  in  this  paper,  can  be  obtained  from  the  geometry  shown  in  Fig.  1. 
Model  1  comprises  a  spherical  bone  shell  (host  sphere),  which  represents  the  scull,  and  three  inclusions;  the 
latter  are  a  major,  spherical  core,  representing  the  brain  and  a  pair  of  small  eyeballs,  all  properly  placed  within 
the  bone  shell.  The  (outer)  radius  of  the  scull  is  a0  =  9  cm  ,  the  radius  of  the  brain  is  U\  =7  cm  and  those  of  the 
eyes  are  a2  =  a 3  =  1  cm  .  The  center  of  the  brain,  0\ ,  is  vertically  displaced  by  dol  =1.5  cm  from  the  center  of 
the  scull,  O0  .  The  eyes  are  centered  at  02,02,  which  are  horizontally  displaced  by  d02  =  doi  =  7.95  cm  from 
Oq  ;  the  left-hand  eye  is  in  the  meridian  plane  (p  =  23°  (Fig.  la),  whereas  the  right-hand  eye  is  in  the  meridian 
plane  ^>  =  (360-23)  =337°.  Thus,  the  eyes  are  symmetrically  placed  with  respect  to  the  coordinate  plane 
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xOqz  .  Model  2  is  obtained  from  model  1  by  omission  of  the  eyeballs  and  model  3  is  obtained  from  model  2  by 
the  substitution  dol  =  0  .  The  brain  volume  is  1436.75cm3 ,  this  value  being  in  the  range  [l400-1500cm3]  of 
normal,  human  brain  volumes.  The  electrical  properties  assigned  to  bone,  brain,  and  eye  tissue  as  well  as  the 
corresponding  density  of  each  tissue,  are  shown  in  Table  1  for  two  frequencies  which  are  of  special  interest  [4]. 

The  active  implant  is  an  infinitesimal,  electric  dipole,  placed  at  the  center  of  an  acrylic  sphere  of  radius 
a4  =0.5 cm  and  refractive  index  n4  =nacr  =1.61  +  j 0  .  The  lossless  capsule  immunes  the  source  from  the 
conductive  bony  shell  [5],  The  implant  is  positioned  at  distance  d 04  =8 cm  from  O0,  either  on  the  y-axis 
(position  1)  or  on  the  )’Oqz  plane  at  0  =  145°  declination  from  the  z-axis  (position  2).  The  first  position  of  the 
source  is  supposed  to  be  inside  the  left  auricular  and  the  second  in  the  mouth,  where  the  lower  left,  3rd  molar 
(tooth  #38)  is  found. 


z 


(a)  (b) 

Figure  1.  (a)  Vertical  ( (p  =  23° )  and  (b)  horizontal  ( 0  =  90°)  cross-sections  of  head  model  1; 
the  point  source,  encapsulated  in  an  acrylic  sphere  of  radius  a4  ,  is  shown  in  position  1  (left  auricular); 
position  2  is  also  in  the  meridian  plane  (p  =  90°  ,  but  below  the  xO^y  plane,  at  6  =  145°  . 


Table  I.  Relative,  dielectric  constant  sr ,  conductivity  a  (mhos /m) , 
and  density  p(kg/ m3 )  of  human  head  tissue  layers 


Frequency 

(MHz) 

Bone 

(1850&g/m3  ) 

Brain 

(1030 kg/m3  ) 

Eyes 

(1010 kg/m2  ) 

<7 

( 7 

£,. 

<7 

1500 

11.98 

0.22 

45.99 

1.12 

68.70 

1.87 

2400 

11.41 

0.38 

44.33 

1.62 

68.24 

2.44 

III.  Analytical  Determination  of  the  Electric-Field  Intensity 

The  electric-field  intensity  anywhere  within,  as  well  as  outside,  the  aforesaid  head  model  is  determined  by  use 

of  the  dyadic  Green’s  function  (dGf)  Ge  (r,r’)  of  a  dielectric  sphere  with  several,  eccentric,  spherical,  dielectric 

inclusions;  all  dielectrics  may  be  lossy.  The  position  vectors  r  ,  r'  correspond  to  the  field  and  source  points. 
The  point  source  can  be  placed  anywhere,  but,  in  this  study  it  has  been  placed  in  the  bone  shell,  which  is 
denoted  as  region  5  (Fig.  1);  the  generality  of  the  analysis  is  not  impaired  otherwise.  The  analytical 

determination  of  Ge(r,r ')  is  an  intricate  task  which  has  been  undertaken  by  the  authors  elsewhere  [6].  Still,  it 
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might  be  convenient  to  state  that  the  analysis  begins  by  consideration  of  the  dGf  of  an  unbounded  space  with 
electrical  properties  identical  to  those  of  the  acrylic  inclusion;  that  dGf  is  given  by  [7] 

Ge o  ( r,r ')  =  ——rr8 (?-?')  + 

(1) 


r  >  r' 


.  k4  ^  y  n  2  n  + 1 

^4 n  n(n  +  l) 

mn  k  ' 


( k4r)M^nn  {k4r')  +  N^l  (A:4F)  aK3„L  ( k4r' ) 
m£)  {k4r)M^l„  (, k4r')+N £)  (£4F)A^L  (hr') 


where  k4  =  Icq  4  is  the  wavenumber  within  region  4  of  the  nonspherical  body,  which  accommodates  the 
source;  k0  =  a>/c0  is  the  wavenumber  of  free-space,  i.e.  region  0,  and  sr  4  is  the  relative  permittivity  of  the 

acrylic  sphere;  m\1\  ,  N^i  and  are  vector,  spherical  harmonics  of  an  unbounded  acrylic  medium; 

the  former  pair  comprises  wavefunctions  that  remain  bounded  at  the  origin  of  coordinates,  whereas  the  latter 
pair  of  wavefunctions  are  bounded  at  infinity.  By  application  of  the  boundary  conditions  on  every  spherical 

interface  of  the  nonspherical  body,  Ge  (r ,r')  is  ultimately  obtained,  but  neither  further  details  about  that 

analytical  formulation  nor  the  resulting,  cumbersome  expression  for  Ge  (F,F'j  are  needed  in  this  paper,  which  is 

focused  on  numerical  results.  The  validity  of  the  solution  has  been  checked  numerically  through  reciprocity  and 
energy-conservation  checks  as  well  as  analytically  by  simplifying  the  geometry  and  comparing  the  resulting 
solution  to  those  of  articles  published  before  [8],  [9]. 

The  point  source  is  represented  by  the  current  distribution 


,  8{r'  -r^)  8  {O'  -Oo)  8  {(/>'  -fa) 

JKr  )  =  I0l - r— — - < 

r  sin  6 


(2) 


wherein  I01  is  the  dipole  moment  and  e  is  the  orientation,  i.e.  polarization,  vector.  The  electric-field  intensity 
due  to  this  dipole  source  can  be  determined  anywhere  in  space  by  integration  of  the  posterior  scalar  product  of 
Ge  (F.F'j  with  the  aforesaid  current  [10]: 

E{r)  =  yoy/Q  j*Ge(F,F')-.7(F')fi?3F'  (3) 


IV.  Numerical  Results 

The  effect  of  the  implant  on  the  head  has  been  investigated  first  by  use  of  diagrams  of  the  absorbed  power 
versus  the  operating  frequency  of  the  implant,  which  is  in  the  range  400MHz  -  4GHz ,  for  both  positions  of  the 
implant.  The  aforesaid  frequency  range  is  associated  with  ISM,  TETRA,  GSM,  UMTS,  WLAN,  and  Bluetooth 
devices.  Moreover,  these  diagrams  display  lucidly  which  fraction  of  the  radiated  power  is  absorbed  by  each 
tissue  at  anyone  of  those  frequencies.  Absorption  by  the  brain  and  the  bone  is  shown  in  Figs.  2  and  3  as 
percentage  of  the  total  radiated  power,  respectively,  for  head  models  1,  2  and  3.  The  dipole  orientation  is  in 
every  case  along  the  z-axis. 

The  first  remark  yielding  from  the  aforementioned  diagrams  is  that  the  brain  absorption  is  maximized  at 
about  1500 MHz  when  the  dipole  is  placed  in  the  ear  and  at  1700Afflz  when  the  implant  is  placed  at  the  tooth. 
At  the  very  same  frequencies  absorption  by  the  bone  shell  is  minimal. 

When  the  eccentric-brain,  head  model,  i.e.  model  1  or  2,  is  under  consideration  it  is  obvious  that  there  is 
strong  dependence  of  the  absorbed  power  on  the  dipole  position.  Absorption  by  the  brain  with  the  implant  in  the 
ear  exceeds  that  with  the  implant  in  the  tooth,  and  the  opposite  is  true  for  absorption  by  the  scull.  This  outcome 
can  be  justified  by  the  different  distance  of  the  source  from  the  brain  in  the  aforesaid  positions. 

The  remark  made  above  does  not  apply  to  the  concentric-brain,  head  model,  i.e.  model  3,  because  the 
source  is  equidistant  from  the  brain  for  both  the  positions  examined.  In  that  model,  the  difference  in  the 
frequency,  whereby  absorption  is  maximized,  can  be  justified  by  the  different  angle  by  which  the  dipole  is 
aimed  at  the  brain. 

The  overall  absorption  by  the  left  eye,  which  in  every  case  is  closer  to  the  implanted  antenna,  in  model  1, 
is  less  than  0.05%  and  it  is  not  shown.  Finally,  for  all  three  models,  a  very  small  percentage  of  the  radiated 
power  escapes  from  the  head  into  the  free-space  surrounding.  That  percentage  is  less  than  3%  for  position  1  of 
the  implant,  with  the  maximum  value  occurring  at  2100MHz  ,  and  it  does  not  exceed  1%  of  the  radiated  power 
for  position  2,  the  maximum  value  being  at  2200 MHz  . 


838 


IRRADIATION  OF  A  HUMAN  HEAD  MODEL  BY  AN  ACTIVE  IMPLANT 


Next,  the  effect  of  the  dipole  orientation  on  the  power  absorbed  by  the  brain,  the  bone  and  the  eyes  is 
investigated.  In  Figs.  4  and  5  the  overall  absorbed  power  by  the  brain  and  the  bone,  respectively,  is  plotted 
against  the  declination  angle  0  of  the  polarization  vector  of  the  point  dipole;  0  is  measured  from  the  z-axis. 
The  operating  frequency  is  1 500  MHz  . 


It  is  clear  that  absorption  by  the  brain  and  the  bone  is  practically  unaffected  by  the  orientation  of  the  dipole 
when  the  latter  is  placed  inside  the  ear.  A  slight  increase  in  the  absorption  by  the  brain  and  a  corresponding 
decrease  in  the  absorption  by  the  bone  are  observed  when  the  dipole  is  placed  at  the  tooth  for  all  three  head 
models. 

The  effect  of  dipole  orientation  on  the  absorption  by  the  eyes  is  far  more  significant.  As  shown  in  Fig.  6, 
absorption  by  the  left  eye,  which  is  closer  to  the  radiating  implant,  increases  as  the  main  radiation  lobe  of  the 
dipole  rotates  so  as  to  include  the  eye,  and  decreases  as  that  lobe  points  elsewhere.  However,  the  overall  power 
absorbed  by  the  eyes  remains  a  small  percentage  of  the  total  radiated  power 

Subsequently,  numerical  results  are  shown  for  the  SAR  anywhere  within  the  nonspherical  head  model;  the 
SAR  has  been  determined  by  use  of  the  definition 


SAR  = 


(4) 


wherein  a  is  the  conductivity  and  p  is  the  density  of  tissue. 
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SAR  maps  are  shown  for  characteristic  cross-sections  of  the  human  head.  The  SAR  maps  of  Figs.  7  and  8 
correspond  (a)  to  a  horizontal  cross  section  of  the  head  through  the  centers  of  the  scull  and  the  eyes  and  (b)  to  a 
vertical  cross  section  of  the  head  through  the  centers  of  the  scull,  the  brain  and  the  acrylic  capsule.  The  brain 
core  in  Figs.  7(a)  and  8(a)  seems  smaller  because  it  is  somewhat  raised  above  that  cross  section,  i.e.  the  xO$y 
plane.  The  active  implant  is  inside  the  left  ear  and  the  operating  frequency  is  1 500  MHz  in  Fig.  7  and  24 0 0/17/ /z 
in  Fig.  8.  The  radiated  power  is  1 W  for  all  the  cases  examined. 


■0  08  -0  06  -004  4)02  0  00  0  02  0  04  0  06  0  08 

Y  axis  (m) 


-0  08  -0  06  -0  04  -0  02  0  00  0  02  0  04 

Y  axis  (m) 


(a)  (b) 

Figure  7.  SAR  maps  on  (a)  xO0y  and  (b)  yO0z  planes; 
the  implant  is  inside  the  left  ear  and  the  frequency  is  1500  MHz. 
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008 


A  cursory  look  at  the  above  SAR  maps  suggests  that  the  higher  the  frequency  the  more  superficial  is  the 
penetration  of  the  EM  radiation  inside  the  brain  and  the  eyes.  The  maximum  SAR  in  the  brain  is  found  at  the 
cortex,  directly  in  front  of  the  implant,  where  the  radiation  is  most  intense.  The  maximum  SAR  in  the  brain  is 
10.81 V /kg ,  when  the  frequency  is  \500MHz  ,  and  it  reaches  21.0W jkg  at  2400MHz  . 

Finally,  local  SAR  evaluations  have  been  made  with  the  implant  inside  the  tooth.  Figs.  9  and  10  are  SAR 
maps  for  the  same  cross-sections  of  the  eccentric-brain  head  model  as  Figs.  7,8  and  for  the  same  frequencies. 
The  aforesaid  remark  about  the  dependence  of  the  penetration  depth  of  the  EM  radiation  on  the  operating 
frequency  of  the  implant  is  reconfirmed.  Flowever,  the  importance  of  the  distance  of  the  implant  from  the  brain 
on  the  power  absorbed  by  the  brain  is  now  made  evident,  since  the  maximum  local  SAR  in  the  brain  in  these 
cases  is  1.6 W/kg  at  \500MHz  and  2AW/kg  at  2400MHz  . 
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(a)  (b) 

Figure  9.  SAR  maps  on  (a)  xO0y  and  (b)  yO0z  planes; 
the  implant  is  inside  a  tooth  and  the  frequency  is  1500  MHz. 
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Figure  10.  As  Fig.  9  at  2400  MHz. 

When  the  implant  is  intended  for  telecommunication  or  monitoring  purposes  the  field  outside  the  head  is 
important  for  the  appliance  that  receives  the  transmitted  data.  The  EM  field  outside  the  head  is  shown  in  Figs. 

11  and  12  as  maps  of  the  amplitude  of  the  electric-field  intensity  up  to  distance  90  cm  from  the  center  of  the 
head.  Those  maps  correspond  to  the  coordinate  plane  xO^y  with  the  implant  inside  the  ear  or  in  a  tooth.  The 
operating  frequency  is  either  1500 MHz  or  2400MHz  and  the  power  radiated  by  the  implant  power  is  1 W  .  It  is 
clear  from  those  maps  that  the  presence  of  the  head  orients  the  EM  radiation  in  directions  opposite  to  the  head 
and  this  effect  is  stronger  at  the  higher  frequency,  i.e.  at  2400 MHz  ,  for  both  positions  of  the  implant  examined. 
Finally,  it  is  noted  that,  the  average  electric-field  intensity  on  that  plane  is  stronger  with  the  implant  in  the  ear 
than  with  the  implant  in  the  tooth.  This,  last  remark  holds  even  when  the  electric-field  intensity  is  mapped  on  a 
horizontal  plane  through  the  tooth. 

The  study  of  the  EM  field  outside  the  head  model  is  completed  by  the  radiation  patterns  shown  in  Figs.  13- 
16.  Radiation  patterns  are  plotted  on  all  three  coordinate  planes,  i.e.  xOqz  (a),  yO0z  (b),  and  xO0y  (c).  The 
electric-field  intensity  in  all  those  patterns  has  been  normalized  with  respect  to  the  maximum  value  of  the 
electric-field  intensity  generated  by  the  encapsulated  dipole  in  free  space.  The  comments  incited  by  Figs.  11  and 

12  about  the  re-orientation  of  the  EM  radiation  due  to  the  presence  of  the  head  and  about  the  dependence  of  the 
electric-field  intensity  on  the  frequency  and  the  position  of  the  implant  are  compatible  with  Figs.  13-16. 
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Figure  11.  Field  maps  around  head  model  1;  the  implant  is  in  the  left  ear 
and  the  frequency  is  (a)  1500  MHz,  (b)  2400  MHz 
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Figure  12.  As  Fig.  11  with  the  implant  in  a  tooth 

The  radiation  characteristics  of  the  dipole  itself  are  strongly  affected  by  the  electrical  and  geometrical 
features  of  the  head  model.  Comparisons  with  radiation  patterns  corresponding  to  models  2  and  3  suggest  that 
the  position  of  the  brain  in  the  scull  strongly  affects  the  radiation  patterns,  whereas  the  effect  of  the  eyes  can 
hardly  be  noticed. 

The  final  part  of  this  investigation  on  the  effect  of  the  human  head  on  the  radiation  characteristics  of  the 
implant,  concerns  the  variation  of  the  radiated  power  crossing  the  surface  of  the  acrylic  capsule  with  the 
operating  frequency;  that  plot  is  shown  in  Fig.  17  across  the  frequency  range  400MHz-4GHz.  Since  the 
acrylic  medium  has  been  considered  lossless,  the  aforesaid  radiated  power  is  equal  to  power  delivered  by  a  tiny 
transmitter  to  the  dipole,  provided  that  matching  between  them  is  possible  even  though  the  current  flowing 
along  the  dipole  is  modified  by  the  presence  of  the  head.  The  continuous  line  in  Fig.  17  corresponds  to  power 
radiated  by  the  dipole  from  within  the  acrylic  sphere  in  free  space;  that  power  has  been  normalized  with  respect 
to  the  power  radiated  by  the  very  same  dipole  in  free  space  at  every  frequency;  the  dashed  line  corresponds  to 
the  power  radiated  by  the  implanted  antenna  and  it  has  been  normalized  by  the  power  radiated  by  the 
encapsulated  dipole  in  free  space.  It  can  easily  be  seen  from  Fig.  17  that  when  the  radius  of  the  acrylic  capsule  is 
greater  that  40  wavelengths,  i.e.  for  frequencies  above  1500 MHz  ,  the  power  radiated  by  the  implanted  antenna 
varies  periodically  with  the  frequency  and  the  effect  of  the  head  is  minimal. 
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(a)  (b)  (c) 

Figure  13.  Radiation  Patterns  on  xO0z  (a),  yO0z  (b),  and  xO0y  (c)  plane  around  head  model  1 ; 
the  implant  is  inside  the  left  ear  and  the  frequency  is  1500  MHz 


Figure  15.  As  Fig.  13  with  the  implant  in  a  tooth 


Figure  16.  As  Fig.  14  with  the  implant  in  a  tooth 
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Figure  17.  The  power  radiated  by  the  encapsulated  dipole  against  the  frequency 


V.  Summary 

The  effects  of  an  infinitesimal  electric  dipole  placed  at  the  centre  of  an  acrylic  sphere  and  implanted  inside  the 
human  head  have  been  studied  by  use  of  three  head  models.  On  the  one  hand,  the  absorbed  power  and  the  SAR 
in  any  part  of  the  head  models,  have  been  evaluated  and  the  importance  of  the  operating  frequency,  the  position 
and  the  orientation  of  the  dipole  have  been  established;  the  EM  radiation  escaping  the  head  as  well  as  the  effects 
of  the  head  on  the  characteristics  of  the  implant  have  been  examined.  On  the  other  hand,  the  importance  of  some 
anatomical  details  of  the  head  models,  within  the  framework  of  analytical  methods,  has  been  assessed,  thus 
allowing  for  the  appropriate  head  model  to  be  used  for  the  application  at  hand. 
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ABSTRACT 

Experimental  evidence  exists  suggesting  that  Extremely  Low  Frequency  Magnetic  Fields  (ELF-MF)  and 
Melatonin  (MEL)  can  exert  antagonistic  effects  on  different  cellular  responses.  Flowever,  the  nature  of  such  an 
interaction  remains  unknown.  Our  previous  studies  have  shown  that  MEL  significantly  reduces  proliferation  and 
stimulates  cytodifferentiation  in  FlepG2  human  hepatocarcinoma  cells,  these  effects  being  antagonized  by  the 
exposure  to  50  Flz,  10  liT  MF.  Conversely,  the  MF  increases  the  growth  rate  of  FlepG2  when  administered 
alone,  but  not  in  the  presence  of  MEL.  The  present  work  investigates  whether  gap  junctional  intercellular 
communication  (GJIC)  could  be  involved  in  the  described  MF/MEL  responses.  Connexin32  (Cx32)  expression 
(Immunocytochemistry  -  Image  analysis)  and  functional  GJIC  (Parachute  technique)  have  been  analyzed  in 
cultures  exposed  to  the  following  conditions:  Control,  MEL  (10  nM),  MF  (50  Hz,  10  liT)  and  MEL  +  MF.  The 
results  show  that  MEL  stimulates  dye  transfer  and  induces  expression  of  Cx32.  Both  effects  are  inhibited  by  the 
simultaneous  exposure  to  MF.  Therefore,  the  results  suggest  that  previously  reported  antagonistic  effects  of 
MEL/MF  in  the  proliferation  and/or  differentiation  of  HepG2  could  be  mediated  by  modulation  of  Cx32 
expression  and  functional  GJIC. 


INTRODUCTION 

There  is  mounting  evidence  that  the  pineal  gland’s  hormone  melatonin  (MEL)  intervenes  in  the  control  of 
neoplastic  processes  in  cells,  animals  and  humans  (Blask  et  al.,  1993;  Stevens,  2005).  Melatonin  has  been 
reported  to  inhibit  cell  proliferation  in  different  tumor  types,  such  as  hepatoma  and  colon  cancer  from  rodents 
(She  et  al.,  2004;  Dakshayani  et  al.,  2005;  Mei  et  al.,  2005)  and  to  reduce  the  incidence  and  growth  of 
chemically  induced  mammary  tumors  (Melancon  et  al.,  2005;  Cos  et  al.,  2006a).  Also,  several  studies 
addressing  oncostatic  effects  of  MEL  in  the  human  breast  cancer  cell  line  MCF-7  have  shown  that  MEL  can 
inhibit  proliferation  and  the  metastatic  behavior  in  these  cells  (Cos  et  al.,  2006b).  Although  different 
mechanisms  have  been  proposed  to  explain  the  potential  ability  of  MEL  to  suppress  tumor  promotion  and 
progression,  the  actual  mechanisms  responsible  for  the  oncostatic  capacities  of  this  hormone  remain 
unidentified.  Recent  experimental  evidence  suggests  that  MEL  could  also  influence  proliferative  processes  due 
to  its  oxidative  function  and  free  radical  scavenging  properties  (reviewed  by  Vijayalaxmi  et  al,  2004).  In 
addition,  MEL  has  been  reported  to  affect  processes  involved  in  cell  differentiation  (Radio  et  al.,  2006), 
including  the  establishment  of  cell  adhesion  and  cell  contacts,  (Cos  and  Fernandez  2000).  In  previous  works  we 
have  reported  that  MEL  enhances  junctional  transfer  in  normal  C3H/10tl/2  cells  and  in  primary  cultures  of 
mouse  hepatocytes  (Ubeda  et  al.,  1995a;  Blackman  et  al,  2001a).  These  results  suggest  that  melatonin  could 
exert  its  antitumoral  action,  at  least  in  part,  by  modulating  the  levels  of  gap  junctional  intercellular 
communication  (GJIC). 

On  the  other  hand,  a  number  of  in  vivo  studies  have  shown  that  extremely  low  frequency  (ELF) 
magnetic  fields  (MF)  can  influence  the  development  of  tumor-promoting  processes  (reviewed  by  Loscher  and 
Mevissen,  1994;  Fedrowitz  et  al.,  2004)  and  alter  MEL  secretion  by  the  pineal  gland  (reviewed  by  Reiter,  1994; 
Henshaw  and  Reiter  2005).  The  results  of  different  studies  suggest  that  ELF  MF-induced  reduction  of  MEL 
levels  in  the  circulating  blood  could  be  determinant  to  the  tumor  promoting  action  of  these  fields.  In  vitro,  60/50 
Hz  MF  have  been  reported  to  block  Melatonin-induced  inhibition  of  cell  proliferation  in  human  breast  cancer 
MCF-7  cells  (Liburdy  1993;  Blackman  et  al.,  2001b;  Ishido  et  al.,  2001).  The  HepG2  cell  line  has  been 
extensively  used  for  studying  the  mechanisms  of  action  of  a  wide  spectrum  of  potential  carcinogens  including 
ELF  MF,  which  have  been  shown  to  promote  proliferation  in  these  cells  (Trillo  et  al.,  2001).  Moreover, 
previous  studies  by  our  group  have  shown  that  MEL  significantly  reduces  proliferation  and  stimulates 
cytodifferentiation  in  HepG2  cells,  these  effects  being  antagonized  by  the  exposure  to  50  Hz,  10  pT  MF. 
Conversely,  when  administered  alone,  the  MF  increased  the  growth  rate  in  HepG2,  whereas  the  presence  of 
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MEL  in  the  medium  blocked  such  a  cellular  response  (Cid  et  al,  2004;  Cid  et  al,  2005).  The  present  work 
investigates  whether  gap  junctional  intercellular  communication  could  be  involved  in  the  previously  described 
MF/MEL  antagonistic  responses  on  the  proliferation  or  differentiation  of  FlepG2.  For  that  purpose  the 
functionality  of  GJIC  and  the  expression  of  connexin32  (Cx32)  were  analyzed  on  samples  exposed  to  50  Flz,  10 
pT  MF  and/or  treated  with  10  nM  MEL. 


MATERIAL  AND  METHODS 
Cell  culture 

HepG2  human  hepatocarcinoma  cells  (ECACC,  TDI  S.  A.,  Madrid)  were  cultured  in  Dulbecco’s-Eagle 
modified  medium  (DMEM;  Bio-Whittaker)  supplemented  with  5%  heat-inactivated  Fetal  Bovine  Serum  (FBS, 
GIBCO),  10%  Glutamine,  and  10%  penicillin/streptomycin  (GIBCO),  in  water-jacket  incubators  (Forma 
Scientific)  at  5%  C02,  37  °C  and  100%  RH  atmosphere. 

MF  exposure 

The  exposure  set-up  used  in  these  experiments  was  reproduced  from  that  described  by  Blackman  et  al.,  (1993). 
Each  exposure  system  consisted  of  two  identical  sets  of  two  1000-turn,  20-cm-diameter  coils  of  enameled  wire, 
aligned  coaxially  10  cm  apart,  in  a  Helmholtz  configuration,  and  oriented  to  produce  vertically  polarized 
magnetic  fields.  Each  set  of  coils  was  kept  inside  a  magnetically  shielded  chamber  (co-netic  metal;  Amuneal 
Corp.,  Philadelphia,  PA)  placed  inside  a  C02  incubator  (Forma  Scientific).  The  generating  (Newtronic  Model 
200MSTPC,  Madrid,  Spain)  and  monitoring  (Hewlet  Packard,  974A,  Loveland  CO)  equipment  was  connected 
to  the  coils.  The  flux  density  and  electromagnetic  background  in  the  exposure  area  were  measured  and  recorded 
before  and  after  the  experiment  with  a  fluxgate  magnetometer  (EFA-3,  Wandel  &  Golterman  GMW  &  Co. 
Germany).  The  background  MF  inside  the  shielded  chambers  was  AC:  0.04  ±  0.03  pT,  DC:  0.05  ±  0.04.  In 
each  experimental  run  only  one  of  the  two  sets  of  coils  was  energized.  The  samples  in  the  unenergized  set  were 
considered  sham-exposed  controls.  Both  incubators  were  used,  in  a  random  sequence,  alternatively  for  MF 
exposure  and  sham-exposure.  The  MF  exposure  parameters  were  chosen  on  the  basis  of  our  previous 
observations  (Trillo  et  al,  2001;  Trillo  et  al.,  2003;  Martinez  et  al.,  2006),  which  revealed  that  a  42-h  exposure 
to  a  sinus  wave  50  Hz  intermittent  (3-h  On/3-h  Off)  MF  at  10  pT  significantly  stimulates  cell  growth  in  both, 
the  HepG2  human  hepatocarcinoma  cell  line  and  the  NB69  human  neuroblastoma  cell  line. 

GJIC  assay:  Parachute  and  Flow  cytometry  techniques 

The  GJIC  was  examined  through  a  two-dye  method  based  on  the  parachute  technique,  previously  described  by 
Goldberg  et  al.  (1995).  This  technique  is  currently  used  to  detect  and  quantify  GJIC  functionality  in  different 
cellular  systems  (Czyz  et  al.,  2000;  reviewed  by  Fonseca  et  al,  2006).  The  high  sensitivity  of  this  method 
allows  for  detection  of  small  changes  in  functionality  of  GJIC  by  examining  a  large  number  of  cells  in  a  single 
experimental  run.  In  our  experiments,  the  samples  were  seeded  at  a  density  of  10  x  104  cells/ml.  After  allowing 
for  cell  attachment  (4  hours  post-plating)  the  dishes  were  distributed  in  two  groups  and  an  initial  dose  of 
Melatonin  (N-acetyl-5-methoxy-tryptamine,  Sigma)  was  added  to  one  of  the  two  groups.  At  the  end  of  day  3 
postplating  the  medium  was  renewed  and  a  second  dose  of  MEL  was  administered  to  the  previously  treated 
group.  At  this  time  both  groups,  with  or  without  MEL,  were  divided  in  sham-exposed  and  MF-exposed  samples. 
The  cells  were  subjected  to:  a)  no  treatment:  controls,  b)  treatment  with  MEL,  c)  exposure  to  MF,  and  d)  MF 
exposure  imposed  upon  MEL  treatment.  The  MF-exposed  samples  were  treated  intermittently,  3h  On/3h  Off, 
with  a  50  Hz,  10  pT  MF  for  24  h.  At  the  end  of  day  4,  when  cells  were  close  to  confluence,  all  the  samples  were 
distributed  into  two  groups:  the  recipient  and  the  donor  group.  The  group  of  recipient  cells  was  pre-stained  with 
a  permanent,  non-toxic  lipophilic  dye  that  binds  to  membranes  irreversibly,  Dil  (l-l'dioctadecyl-3,3,3',3'- 
tetramethylindocarbocyanine  perchlorate;  Molecular  Probes).  The  donor  population  was  treated  with  a  gap 
junction-permeable  dye  Calcein,  a  derivative  of  Calcein  acetoxymethyl  ester  (Calcein-AM,  Molecular  Probes). 
After  seeding  the  donor  cells  on  the  corresponding  recipient  samples  under  conditions  promoting  gap  junction 
(GJ)  formation,  the  four  experimental  groups  were  exposed  and/or  incubated  for  an  additional  18  h  lapse.  At  the 
end  of  this  period  the  samples,  two  per  experimental  condition:  Control,  MEL,  MF  and  MEL  +  MF,  were 
analyzed  by  flow  cytometry  (Cell  Quest  software)  and  the  percent  of  cells  showing  both  dyes  (Cal+  /  Dil+ 
events)  vs.  the  total  Cal+  events,  were  determined.  A  total  of  20,000  events  per  sample  were  recorded.  Two 
additional  samples  were  used  to  establish  the  basal  level  of  fluorescence. 

Cx32  expression  assay 

The  Cx32  expression  was  estimated  as  the  percent  of  Cx32  positive  cells  by  immunochemistry  and  Computer- 
Assisted  Image-Analysis.  The  methodology  used  for  treatments  with  MEL  and/or  MF  has  been  described 
previously  by  Cid  et  al.  (2004).  In  short,  cells  were  seeded  at  a  density  of  9.5  x  104  cells/ml  on  12  mm  0 
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coverslips  sited  into  the  Petri  dishes.  Additional  Petri  dishes  were  used  to  test  viability  and  cell  proliferation.  A 
total  of  12  or  20  dishes,  to  obtain  3  or  5  plates,  per  experimental  condition:  Control,  Melatonin,  MF  and 
Melatonin  +  MF,  were  assayed.  After  allowing  for  cell  attachment  to  the  coverslips  (4  hours  post-plating)  the 
dishes  were  distributed  in  two  groups  and  an  initial  dose  of  Melatonin  was  added  to  one  of  the  two  groups.  At 
day  3  post-plating  the  medium  was  renewed,  and  a  second  treatment  with  MEL  was  administered  in  the 
previously  treated  group.  Each  of  the  two  groups,  treated  with  MEL  or  untreated,  was  distributed  in  sham- 
exposed  and  MF-exposed  samples.  The  MF-exposed  samples  were  treated  intermittently,  3h  On/3h  Off,  with  a 
50  Flz,  10  pT  MF  for  42  h.  At  the  end  of  this  period  the  cells  were  tested  for  appropriate  viability  and  cell 
proliferation  before  being  processed  for  analysis  of  connexin32.  Cells  on  coverslips  were  fixed  with  periodate- 
lysine-paraformaldehyde  (PLP).  After  washing  with  PBS,  cells  were  permeabilized,  (acetone  50%)  and  the 
endogen  peroxidase  was  inactivated  (FFOj  3%.)  The  non-reactive  sites  were  blocked  (FCSi  10%,  Triton  X-100 
0.05%  in  PBS)  for  1  h  at  room  temperature.  Then,  the  samples  were  incubated  for  24  h  at  4  °C  with  a 
monoclonal  antibody  against  the  central  cytoplasmic  loop  of  human  Cx32  (IgG  clone  M12.13;  Chemicon  Int.), 
dilution  1:200,  in  FCSi  5%  /  Triton  X-100,  0.15%  /  PBS.  Immunostaining  was  enhanced  through  the  ABC 
method  (Vectastain  ABC  Elite  kit.  Vector  Laboratory,  Burlingame  CA),  and  revealed  with  the  peroxidase 
substrate,  diaminobenzidine  tetrahydrochloride  (DAB).  The  nuclei  were  counterstained  with  Flematoxiline. 
Background  controls  without  the  primary  antibody  were  also  included  in  the  study.  The  samples  were  visualized 
and  evaluated  through  a  photomicroscope.  Two  coverslips  per  experimental  condition  were  randomly  chosen 
and  a  total  of  20  microscope  fields  per  coverslip  were  analyzed.  The  quantification  of  the  immunolabeling  was 
carried  out  through  Computer  Assisted  Image-Analysis  (IPWin  and  AnalySIS  software).  The  ratio  of  Cx32 
positive  cells  vs.  total  cells  per  microscope  field  was  determined.  Additional  analysis  taking  into  account  the 
total  immunostaining  area  of  Cx32  vs.  total  cells  per  microscope  field  was  carried  out. 


RESULTS 

GJIC  functionality  in  samples  exposed  to  MF  in  the  presence  or  the  absence  of  MEL 

Previous  studies  by  our  group  showed  that  a  dose  of  10  nM  MEL  was  effective  inducing  decreases  in  cell 
proliferation  and  in  the  promotion  of  differentiation  in  FIepG2.  These  effects  were  antagonized  by  the  exposure 
to  50  Flz,  10  pT  MF  (Cid  et  al.,  2004;  Cid  et  al.,  2005).  On  that  basis,  in  the  present  study  the  concentration  10 
nM  MEL  was  assayed  to  study  the  functional  GJIC  in  cells  exposed  to  50  Hz  10  liT  MF  in  the  presence  or 
absence  of  MEL.  The  parachute  technique  revealed  that  untreated  HepG2  cells  (control  condition)  exhibit  a  low 
degree  of  junctional  activity.  However,  the  presence  of  10  nM  MEL  in  the  medium  increases  significantly  the 
coupling  rate  (17.7  ±  0.4  %  over  controls  p<0.01)  in  these  cells  (Fig.  1).  In  contrast,  the  coupling  response  to  the 
MF  exposure  did  not  differ  significantly  from  that  in  controls,  both  in  the  presence  and  in  the  absence  of  MEL; 
which  reveals  that  the  10  pT  MF,  per  se,  does  not  change  the  functional  GJIC  in  HepG2,  but  can  block  the 
MEL-induced  coupling  in  these  cells. 


Fig.  1.  The  functional  GJIC  was  measured  as  the  percent  of  cells  showing  both  dyes  (Cal+  /  Dil+  events)  over 
the  total  Cal+  events.  Coupling  rate  in  the  different  conditions  tested,  Control,  MEL,  MF  and  the  combined 
treatment,  MEL  +  MF.  The  MEL-induced  coupling  was  antagonized  by  the  exposure  to  MF.  Data  normalized 
over  controls  N  =  4  experiments.  Mean  ±  SEM  *,  p<  0.05  (ANOVA  followed  by  Student’s  T  test). 
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Cx  32  expression  in  samples  exposed  to  MF  in  the  presence  or  the  absence  of  MEL 

The  effect  of  the  treatments  with  MEL  and/or  MF  on  the  Cx32  expression  and  on  its  subcelhdar  distribution  was 
determined  through  Computer  Assisted  Image-Analysis.  The  analysis  was  focused  on  the  expression  of  Cx32 
because  changes  in  both,  the  amount  and  distribution  of  this  connexin  have  been  suggested  to  be  implicated  in 
human  hepatocarcinogenesis  (Nakashima  et  al,  2004),  and  increases  in  Cx32  expression  induce  phenotypic 
normalization  in  HepG2  (Yang  et  al.,  2003),  whereas  decreases  in  Cx32  seem  to  be  linked  to  cell  proliferation 
and  progression  in  rodent  hepatocarcinomas  (Temme  et  al.,  1997).  In  the  untreated  cells  the  Cx32  expression 
presents  an  abnormal  localization  and  distribution  when  compared  to  normal  hepatocytes  (data  not  shown).  This 
abnormal  pattern  of  expression  consists  on  an  increased  cytoplasmic  accumulation,  either  distributed  in 
vesicular  structures  or  presenting  a  diffuse  appearance  located  generally  in  the  perinuclear  zone.  The 
cytoplasmic  membrane  presents  little  expression  of  Cx32,  with  no  immunoreactive  gap  junctional  plaques.  This 
aberrant  pattern  of  Cx32  expression  in  HepG2  cells  was  not  modified  by  the  exposure  to  MF  or  by  the  MEL 
treatment.  However,  in  MEL  treated  samples  a  significant  increase  (32.9  ±  0.9  %  over  controls,  p<  005)  in  the 
percent  of  cells  expressing  cytoplasmic  Cx32  immunostaining  was  observed  at  day  5  of  treatment  (Fig  2).  In 
contrast,  the  response  to  MF  alone  or  to  the  combined  treatment  (Mel  +  MF)  was  similar  to  that  observed  in 
controls.  These  data  reveal  that,  when  applied  alone,  the  MF  did  not  exert  significant  effects  on  Cx32  expression 
or  on  functional  GJIC.  However,  when  applied  on  MEL  treated  samples,  the  MF  exposure  antagonized  the 
MEL-induced  responses.  Preliminary  data  (not  shown)  on  immunoblot  for  Cx32  confirm  these  results. 
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Fig.  2.  Percent  of  Cx32  positive  cells,  quantified  by  the  Image  Analysis  software  IPWin,  in  the  different 
experimental  conditions  tested.  The  treatment  with  10  nM  MEL  increased  significantly  the  percent  of  cells 
expressing  Cx32.  This  response  was  counteracted  by  the  exposure  to  50  Hz,  10  liT  MF.  Data  normalized  over 
controls,  Mean  ±  SEM  of  4  experimental  replicates;  *,  p<  0.05  (ANOVA  followed  by  Student’s  T  test.) 


DISCUSSION 

Previously  reported  results  by  our  group  have  shown  that  MEL  significantly  reduces  proliferation  and  stimulates 
cytodifferentiation  in  HepG2  human  hepatocarcinoma  cells;  these  effects  being  antagonized  by  the  exposure  to 
sinusoidal  50  Hz,  10  pT  MF.  Conversely,  the  MF  increases  the  growth  rate  of  HepG2  when  administered  alone, 
but  not  when  in  the  presence  of  MEL  (Cid  et  al.,  2004;  Cid  et  al.,  2005).  It  is  currently  believed  that  a  tight 
regulation  of  gap  junctional  intercellular  communication  mediated  by  connexins  may  contribute  to  cell  growth 
and  differentiation  by  keeping  important  signals,  such  as  those  involved  in  growth  control,  at  equilibrium  among 
gap  junction-connected  cells.  The  present  work  investigates  whether  gap  junctional  intercellular  communication 
could  be  involved  in  the  MF/MEL  responses  described  before.  The  results  of  the  present  work  show  that 
untreated,  control  HepG2  cells  have  a  low  degree  of  junctional  activity  and  an  aberrant  expression  of  Cx32. 
However,  the  treatment  with  MEL  increases  the  functional  GJIC  and  the  percent  of  cells  that  express  the  gap- 
junctional  protein  Cx32  in  HepG2.  On  the  other  hand,  although  the  exposure  to  MF  alone  does  not  exert  any 
significant  influence  on  these  junctional  processes,  when  applied  on  MEL-treated  cells  the  MEL-induced 
responses  on  the  functionality  of  GJIC  and  on  Cx32  expression  were  abolished. 

The  stimulating  effect  of  MEL  on  GJIC  functionality  has  been  well  described  in  a  variety  of  cell  lines. 
Ubeda  et  al.  (1995a)  reported  that  physiological  concentrations  of  MEL  between  0.01  and  0.1  nM,  induce 
significant  increases  in  the  junctional  transfer  of  mouse  normal  fibroblast  C3H/10T1/2.  Blackman  et  al.  (2001a) 
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found  similar  results  in  primary  cultures  of  mouse  hepatocytes  treated  with  MEL  at  the  physiological  doses  of 
0.2  and  0.4  nM.  In  the  present  study,  the  HepG2  human  hepatocarcinoma  line  also  responded  with  significant 
increases  of  the  coupling  rate  (parachute  technique)  when  treated  with  a  concentration  (10  nM)  higher  than  the 
above  described  as  effective  in  normal,  non-cancer  cells.  Even  higher,  pharmacological  concentrations  of  MEL 
(10  pM)  have  been  reported  to  efficiently  increase  GJIC  functionality  in  the  breast  cancer  cell  line  MCF-7  (Cos 
and  Fernandez  2000).  Taken  together,  these  results  are  consistent  with  the  hypothesis  that  cancer  lines  are,  in 
general  terms,  less  sensitive  to  MEL  than  normal  cells. 

It  has  been  well  established  that  the  restoration  of  connexin  expression  in  tumor  cells  often  leads  to  a 
partial  reversion  of  the  tumoral  phenotypes  and  to  increased  growth  control  (King  and  Lampe  2004).  Like 
reported  by  other  authors  working  with  poorly  differentiated  hepatocarcinomas  (Krutovskikh  et  al,  1994),  an 
aberrant  pattern  of  Cx32,  mainly  cytoplasmic  and  diffuse,  was  observed  in  the  present  study  in  the  HepG2  line. 
This  may  represent  a  general  pattern  in  hepatocarcinoma  cells,  potentially  due  to  the  presence  of  abnormalities 
in  the  intracellular  transport  of  Cx32,  in  the  exportation  of  this  connexin  to  the  cell  membrane,  in  the  process  of 
formation  of  GJIC  plaques  or  in  the  recycling  of  the  connexons.  All  these  alterations  would  provoke  the 
retention  of  the  Cx32  in  compartments  of  the  endoplasmic  reticulum,  Golgy  or  lysosomes  (Segretain  and  Falk 
2004).  In  the  present  study,  the  MEL  treatment  stimulated  the  Cx32  expression.  However,  the  connexin 
remained  in  the  cytoplasm  and  did  not  stimulate  the  formation  of  GJ  plaques  in  cell  membranes.  Moreover, 
growing  experimental  evidence  supports  the  hypothesis  that  connexins  can  exert  by  themselves  anti¬ 
proliferative  effects  that  are  independent  of  their  functionality  in  intercellular  communication.  Such  effects  have 
been  observed  in  a  number  cellular  types  including,  glioma  C6  (Bond  et  al.,  1994),  bladder  carcinoma  BC31, 
(Krutovskikh  et  al.,  2000)  and  the  breast  cancer  line  MDA-MB-231  (Qin  et  al.,  2002).  Although  the  mechanism 
responsible  for  the  described  effect  remains  unknown,  some  authors  have  suggested  that  interactions  with 
transcription  factors  and  regulation  of  gene  expression  of  specific  proteins,  like  the  cell  cycle  regulator  p27 
could  be  involved  in  the  effect  (review,  Jiang  and  Gu  2005).  Consequently,  the  effects  of  MEL  in  the  GJIC 
functionality  and  in  the  expression  of  Cx32  observed  in  the  present  work  could  be  responsible,  at  least  in  part, 
for  the  antiproliferative  and  differentiating  actions  exerted  by  MEL  in  the  same,  HepG2  cell  line  (Cid  et  al., 
2004;  Cid  et  al.,  2005.) 

Although  a  number  of  in  vivo  and  in  vitro  studies  have  described  MEL/MF  interactions  on  the  growth 
and/or  differentiation,  the  mechanisms  responsible  for  the  these  interactions  remain  unknown.  In  the  present 
study,  the  exposure  to  a  50  Hz,  10  pT  MF  did  not  influence  significantly  the  functionality  of  the  GJIC  or  the 
Cx32  expression  in  the  absence  of  MEL.  However,  in  MEL-treated  samples,  the  exposure  to  the  MF  abolished 
the  stimulating  effect  of  MEL  on  the  gap  junctional  activity  and  on  the  expression  of  Cx32.  These  results  are 
consistent  with  those  previously  reported  by  our  group  (Ubeda  et  al,  1995b)  showing  that  a  30-minute  exposure 
to  a  50  Hz,  1.6  mT  MF  blocks  MEL-induced  increase  in  GJIC  in  C3H/10T1/2  cells.  Ubeda  and  coworkers 
proposed  that  the  MF  could  influence  the  regulation  of  the  permeability  of  the  GJ  channels  and/or  the  channels’ 
renovation.  Other  authors  have  suggested  that  the  MF  could  exert  an  influence  on  signal  transduction  pathways 
that  regulate  the  cell  cycle,  through  modifications  in  the  functionality  of  cell  membrane  receptors,  including  the 
MEL  receptors  (Ishido  et  al.,  2001).  Thus,  in  the  present  study,  the  antagonistic  effects  exerted  by  MF  on  the 
cellular  responses  to  MEL  could  be  due  to  a  blocking  of  the  MEL’s  stimulatory  actions  at  different  levels 
including  GJIC  regulation  and  signal  transduction  pathways  that  regulate  the  cell  cycle. 


SUMMARY 

In  the  present  work  we  studied  the  effects  of  a  50  Hz  10  pT  magnetic  field  on  melatonin-induced  responses  on 
GJIC.  The  HepG2  human  hepatocarcinoma  cell  line  has  been  previously  shown  by  our  group  to  be  responsive  to 
a  50  Hz,  10  pT  MF,  which  acts  on  these  cells  as  a  promoter  of  proliferation  when  administered  alone,  but  not  in 
the  presence  of  MEL.  Conversely,  MEL  reduces  the  growth  rate  of  HepG2  and  the  field  antagonizes  such  a 
response.  The  present  results  show  that  at  a  10  nM  concentration  the  neurohormon  melatonin  stimulates  GJIC 
and  Cx32  expression  in  HepG2,  a  cell  line  that  exhibit  a  low  degree  of  functional  GJIC  and  an  aberrant 
expression  of  Cx32.  On  the  other  hand,  the  exposure  to  MF  alone  does  not  influence  the  GJIC  parameters,  but 
blocks  the  MEL-induced  responses  on  GJIC.  Consequently,  the  herein  reported  effects  of  MEL  in  the  GJIC 
functionality  and  in  the  expression  of  Cx32  could  be  responsible,  at  least  in  part,  for  the  antiproliferative  and 
differentiating  actions  exerted  by  MEL  in  the  same  HepG2  cell  line  (Cid  et  al.,  2004;  Cid  et  al.,  2005).  Besides, 
the  antagonistic  effects  exerted  by  MF  on  the  cellular  responses  to  MEL  could  be  due  to  a  blocking  of  the 
MEL’s  stimulatory  actions  at  different  levels  including  GJIC  regulation  and  signal  transduction  pathways  that 
regulate  the  cell  cycle. 
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Abstract 

Electro-permeabilization  of  biological  cells  has  been  proposed  as  a  very  efficient  method  in  medicine  for  gene  therapy, 
cancer  chemotherapy,  and  drug  delivery.  Although  the  molecular  processes  involved  in  the  permeabilization  mechanisms 
are  very  complex,  the  formation  of  "pores"  in  the  plasma  membrane,  under  the  influence  of  an  electric  field,  is  deemed 
responsible  of  the  cellular  responses.  The  model  accuracy  is  crucial  to  understanding  the  behaviour  of  the  cell.  It  must 
include  the  majority  physical  phenomena  in  order  to  obtain  realistic  results  from  the  numerical  scheme  approximating  the 
theoretical  model  (circuital  or  field  based).  In  this  work  an  improved  electrical  model  of  the  cellular  membrane  is  presented 
taking  into  account  the  electro-permeabilization  phenomena  occurring  under  the  action  of  electrical  impulses.  In  particular, 
the  presented  model  consists  of  a  modified  Hodgkin-Huxley-type  non  linear  equivalent  circuit  for  the  cell  membrane.  The 
electroporation  phenomena  are  considered  by  introducing  a  controlled  current  source  in  the  basic  model.  The  global 
cellular  dynamics  is  examined  for  different  characteristics  (amplitudes,  duration,  rise  and  fall  time)  of  the  applied  electrical 
pulses.  The  trans -membrane  voltage  and  the  conduction  dynamics  of  the  ionic  channels  are  evaluated  through  an  efficient 
simulation  procedure. 


Introduction 

Since  its  introduction  the  conceptually  simple  model  of  the  cell  membrane  behaviour,  firstly  proposed  by  Hodgkin  and 
Huxley  (HH)  [1],  has  been  widely  studied  in  order  to  describe  a  wide  class  of  biological  phenomena  associated  to  the 
transmission  of  information  in  excitable  cells  systems  (see  for  example  [2-3],  The  HH  approach  has  been  employed  to 
model  electrical  activation  in  a  range  of  cell  types  including  neurons  [4],  [5],  ventricular  myocytes  [6],  smooth  muscles  [7], 
etc.  Although  several  studies  have  put  in  evidence  that  the  HH  model  needs  some  improvements,  its  simplicity  and 
efficiency  in  describing  significant  properties  of  the  biological  processes  still  motivate  its  use  in  medicine,  biology, 
bioengineering  etc. 

The  physical  mechanisms  allowing  the  development  of  excitable  cell  signal  dynamics  are  based  on  the  mutual  interactions 
among  ionic  currents  flowing  through  the  membrane.  The  flux  of  the  different  ionic  species  taking  place  through  channels 
across  the  cellular  membrane  is  considered  as  a  time  continuous,  deterministic  and  voltage-dependent  phenomenon  driven 
by  the  potential  difference  across  the  membrane  (Trans-Membrane  Voltage,  TMV). 

From  an  electrical  point  of  view  the  cell  membrane  can  be  effectively  modelled  as  a  lumped  parameter  circuit,  as  shown  in 
fig.  1.  The  membrane  is  represented  by  a  capacitance,  the  ionic  channels  as  linear  or  nonlinear  conductances  and  the 
voltage  generators  are  linked  to  the  so  called  Nemst  equilibrium  potential,  determined  by  the  ratio  of  the  specific  ionic 
concentrations  inside  and  outside  the  cell. 

The  TMV  dynamics  in  response  to  electrical  stimuli  has  been  extensively  analyzed  in  the  literature  on  the  basis  of  such  a 
circuit  model,  thus  allowing  to  infer  or  verily  many  interesting  properties  of  the  cell  behaviour.  In  some  cases  the  applied 


853 


N.  CITRO  Y.  TUCCI 


electrical  pulses  are  such  that  the  number  and  dimensions  of  the  pores  on  the  membrane  may  be  affected  giving  rise  to  the 
so  called  phenomenon  electroporation  [8-10],  The  increased  pore  density  on  the  cell  surface  determines  an  additional 
current  path  which  has  been  traditionally  modelled  by  a  current  generator  characterised  by  a  constant  value.  However, 
since  the  modification  of  the  pores  number  and  dimensions  is  dependent  on  the  instantaneous  value  of  the  TMV,  a  more 
accurate  model  can  be  envisaged  in  which  the  current  injection  associated  to  electroporation  is  taken  into  account  by 
considering  a  voltage  dependent  instead  of  a  constant  current  generator. 

Therefore,  in  this  paper  an  accurate  analysis  of  the  electrical  dynamics  of  the  Hodgkin- Huxley  cellular  model  is  performed. 
The  modifications  induced  by  the  voltage  dependent  electroporation  generator  is  studied  for  different  values  of  the 
amplitude,  duration,  rise  and  fall  time  of  the  applied  electrical  stimulus  applied  to  a  cell.  The  dynamics  of  trans-membrane 
voltage  and  conduction  currents  associated  to  the  ionic  channels  are  evaluated  through  an  efficient  simulation  procedure.  It 
is  worth  remarking  that  the  aim  of  this  first  work  is  exclusively  oriented  to  the  numerical  analysis  of  the  modified  HH 
circuit.  The  biological  implications  on  the  cell  behaviour  due  to  the  obtained  numerical  results,  which  require  complex  and 
multidisciplinary  research  efforts,  will  be  developed  in  future  works. 


Fig.  1  Cell  membrane  and  associated  Hodgkin-Huxley  circuit  model. 


Proposed  circuit  model  including  electroporation 


In  the  electric  circuit  of  Fig.  1,  the  total  ionic  currents  i.  ( U,t )  can  be  expressed  as: 


Lns  (M>  0  =  L  (M)  +  iK  0,  t)  +  4  (u,  t )  = 

[gZ  ■  m3(u,  t)-h(u,t)-(u  -  ENa )]  +  ter  ■  n4(u,  t)-(u-  EK )]  +  [ gZ  •  (u  -  EL )\ 


(1) 


where  gcmax  (c=K,  Na,  L)  is  the  maximum  value  of  the  conductance  corresponding  to  the  largest  aperture  of  the  channel,  m  (or  n) 

and  h  are  two  nonlinear  variables  describing  the  activation  or  inactivation  of  the  channel  and  p  and  q  are  suitable  exponents 
depending  on  the  ion  type,  Ec  is  the  Nemst  voltage  and  u(t)  is  the  trans-membrane  voltage.  The  Nemst  voltage  is  linked  to  the  ratio 


of  the  external  and  internal  ionic  concentrations  I  C  1 :  E  oc 

L  J  C 


In 


[CL, 

[CL 


.  In  Tab.  1  the  values  of  the  typical  parameters  are  reported. 


It  has  to  be  noted  that  all  voltages  are  referred  to  the  value  ER  assumed  at  rest  across  the  membrane. 


Tab.  1 


c 

v>m 

[pF/cm2] 

Er  [mV] 

ENa  [mV] 

Ek  [mV] 

El  [mV] 

max 

&Na 

[mS/cm2] 

max 

6K 

[mS/cm2] 

gL 

[mS/cm2] 

1.0 

-75.0 

Er+15.0 

Er-  2.0 

Er+0.613 

120.0 

36.0 

0.3 

In  order  to  describe  the  electroporation  phenomenon,  a  voltage  controlled  current  generator  is  introduced  through  a  branch  in 
parallel  as  shown  in  Fig.  2.  It  accounts  for  the  ions  exchange  between  an  external  cleft  space  around  the  cell  where  charge  build-up 
and  depletion  occurs,  and  the  cell  interior. 

Its  influence  in  the  charge  dynamics  across  the  cell  can  be  particularly  remarkable  when  the  TMV  assumes  high  values  and  for 
quasi  static  variation. 
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The  charge  flow,  governed  by  the  ions  concentration  gradient,  can  be  modelled  by  a  current  7cp  given  by: 


Iep=N'iep=  N- 


ti  •  r„  •  a  •  u  •  R  •  T 


F-h 


Wn  -no„  Wn  +num  . 

w0-e  m-n-x)m  w0-e  m  +  n-T)„ 
w0-n-um  w0+n-um 


(2) 


where  N  is  the  pore  density,  rm  is  the  radius  of  the  pore,  <7  is  the  conductivity  of  the  fluid  solution,  F  is  the  Faraday  constant,  R  is 
the  gas  universal  constant,  T  is  the  absolute  temperature,  h  is  the  thickness  of  the  cell  membrane,  w0  and  n  are  the  energy  gap  and 

/  /  F  \ 

the  length  of  the  pore.  Vm  —  U\tl  -  is  the  adimensional  TMV.  The  pore  density  N(t)  is  governed  by  a  firs  order  differential 

\RT 

equation: 


dN(t ) 
dt 


ae 


\U(‘)/Vep 


1- 


N(t)  c-«{u{,)/vep 

Nn 


(3) 


where  N0  is  the  pore  density  for  u(t)= 0  and  a  ,  Vep  and  q  are  suitable  constants.  In  Tab.  2  the  values  adopted  for  the  different 
quantities  appearing  in  (2)  and  (3)  are  reported  together  with  the  initial  condition  considered  for  the  integration  of  eq.  (3). 


Tab.  2 


rm 

[nm] 

h 

[nm] 

s 

[mS/cm] 

R 

mJ 

[  ] 
molK 

T 

[°K] 

n 

w0 

q 

a 

[crnV] 

Vep 

[mV] 

No 

[cm2] 

N(t=0) 

[cm2] 

F 

Coulomb 

t - 1 

mol 

0.76 

50. 

13.0 

8314.0 

279.3 

0.1 

5 

2.6 

5 

2.4 

6 

100.0 

258.0 

1.5xl05 

1.7xl05 

9.6487xl04 

Numerical  experiments  and  results 

Kirchhoff  current  law  applied  to  the  circuit  of  Fig.  2  gives: 

„  du(t) 

Cm  ~  lext~Vep+lL+lNa+lk ] 

The  dynamic  evolution  of  the  TMV  and  the  different  current  can  be  determined  by  evaluating  at  each  time  step  the  unknowns  the 
5  unknowns  u,  m,  n,  h,  N: 
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Y  =  \m(u,t),  h(u,t),  n{u,t),  u(t),  N(t)]J 

[dY 

- =  f  (t,  m,  n,h,u,N)-f  (t,  Y) 

dt  (4) 


m(u,  0) 

1 

8 

s 

1 _ 

h{u,  0) 

K(Er) 

n(u,  0) 

Y0  = 

nJEr) 

u(  0) 

E 

r 

TV(O) 

o' 

II 

_ 1 

In  order  to  solve  the  nonlinear  equation  system  (4)  a  Runga-Kutta  scheme  has  been  implemented  in  a  suitable  numerical  procedure 
written  in  C  language.  The  effectiveness  of  such  a  numerical  scheme  has  been  proven  in  a  previous  work  concerning  a  range 
analysis  on  a  simpler  circuit  based  on  the  HH  model  [11] 

In  order  to  envisage  the  influence  of  the  electroporation  generator  on  the  TMV  and  different  current  components  dynamics,  the 
most  relevant  quantities  appearing  in  the  model  have  been  calculated  either  with  the  classic  HH  model  (i.e.  the  circuit  of  fig.  1)  or 
with  the  modified  one  (i.e.  the  circuit  of  fig.  2).  In  particular,  the  different  current  components  have  been  evaluated  as  a  response 
to  an  applied  external  rectangular  pulse  iext  characterised  by  a  duration  At=lms  and  by  variable  amplitudes  (1=  5,  7.5,  10,  15,20, 
25,  30, 40  e  50pA ). 

The  effects  of  the  electroporation  generator  is  described  by  the  plots  of  Figs  4,  where  the  difference  between  the  time  evolution  of 
the  current  components  obtained  in  presence  of  such  a  generator  (characterised  by  the  suffix  ep)  or  with  the  classic  HH  model  are 
reported  for  the  different  values  of  the  external  current  pulse. 

As  can  be  noted  by  the  analysis  of  the  presented  simulation  results,  the  greater  influence  of  the  electroporation  generator  is 
obtained  for  an  applied  pulse  of  lOpA  where  a  very  strong  variation  appears  for  ionic  currents,  especially  those  associated  to  Na 
and  K  channels,  and  for  the  displacement  current  iCm  through  the  membrane.  For  greater  values  of  the  external  pulse  amplitude  the 
presence  electroporation  current  becomes  weaker  as  it  concerns  all  the  considered  variables.  In  fact  the  pulse  of  about  100  pA  for 
iCm  and  iNa  corresponding  to  an  external  pulse  of  lOpA  reduces  of  about  one  tenth  for  an  applied  current  of  50pA.  This  findings  are 
also  summarised  in  Fig.  5,  where  the  absolute  value  of  the  max  discrepancies  between  the  currents  values  obtained  with  or  without 
the  electroporation  generator  are  presented. 

A  similar  influence  can  also  be  noted  for  the  TMV,  as  can  be  evinced  from  the  results  shown  in  Fig.  6.  Even  for  this  variable  the 
more  sensible  effect  of  the  presence  of  the  electroporation  in  limited  to  applied  current  pulses  of  about  10-15  p  A. 
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CX  =50RA 

Fig.  4:  Difference  between  the  time  evolution  of  the  ecurrent  components  induced  by  the  presence  of  the  electroporation  generator 
for  the  different  values  of  the  external  current  pulse. 


Fig.  5  Max  discrepancies  between  the  absolute  values  of  the  different  currents  obtained  with  and  without  the  electroporation 
generator 
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Fig.  6  Differences  between  the  time  evolution  of  the  TMV  induced  by  the  presence  of  the  electroporation  generator  for  the 
different  values  of  the  external  current  pulse. 


Conclusions 

In  this  paper  an  analysis  of  the  electrical  dynamics  of  a  modified  Hodgkin-Huxley  cellular  model  which  takes  into  account  the 
electroporation  phenomenon  has  been  performed.  The  modifications  induced  by  a  voltage  dependent  current  generator  emulating 
the  electroporation  has  been  studied  for  different  values  of  the  amplitude,  of  the  applied  electrical  stimulus  applied  to  a  cell. 

The  dynamics  of  trans-membrane  voltage  and  conduction  currents  associated  to  the  ionic  channels  obtained  by  adopting  an 
efficient  simulation  procedure  put  in  evidence  that  the  electroporation  phenomenon  is  effective  for  moderate  values  of  the  applied 
current  stimulus.  The  peak  effect  is  obtained  for  an  external  pulse  of  about  10-15  pA.  Greater  values  of  the  applied  pulse  induce  a 
masking  effect  on  the  electroporation  phenomenon:  the  dynamics  of  either  the  trans  membrane  voltage  and  the  ionic  currents 
become  increasingly  governed  by  the  external  pulse  rather  than  the  electroporation  generator. 
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Abstract 

A  series  of  experiments  was  designed  to  determine  the  potential  of  EMF  exposure  to  stimulate  the  immune 
system  of  chicken  against  infections  that  are  common  in  farm  practice. 

In  a  first  experiment  32  groups  of  six  one-week  old  chicken  were  either  (8)  or  not  exposed  (8)  to  Campylobacter 
infection  and  exposed  (16)  to  both  infection  and  EMF  treatment  with  an  LF  alternating  field  (Inurnment  BV,  30 
minutes  per  day,  6,5  pT).  Fresh  excrement  samples  were  taken  on  6  different  time  points  during  the  trial  and 
were  analyzed  for  the  quantitative  presence  of  Campylobacter  jejuni.  No  difference  in  the  course  of  this  infection 
was  observed  between  the  non-treated  and  EMF  treated  groups. 

Birds  were  weighed  individually  on  day  of  arrival  and  subsequently  on  days  7,  14,  21,  28,  35  and  42.  Feed  intake 
is  measured  per  cage  on  a  weekly  basis.  A  large  and  significant  difference  (p<0.0005)  in  feed  conversion  (feed 
intake  divided  by  growth)  was  observed  between  the  EMF  group  (1.61)  and  the  non  treated  group  (1.75). 

In  a  second  and  third  experiment  32  groups  of  eight  chickens  were  either  (8+8)  or  not  (8+8)  exposed  to 
infections  with  Eimeria  parasite  (coccidiosis)  and  either  (8+8)  or  not  (8+8)  given  the  same  EMF  treatment  as 
above.  Thus  all  combinations  of  treatment  and/or  infection  were  given  to  8  groups  of  eight  chickens. 

Feed  conversion  was  determined  as  above.  Infection  course  was  determined  by  counting  oocysts  in  excrement  as 
above.  Moreover  intestinal  lesions  were  scored  (blind)  as  caused  by  the  different  Eimeria  after  the  chickens  were 
slaughtered  after  the  growth  period. 

Feed  conversion  was  equally  good  between  the  negative  control  and  both  EMF  groups.  For  the  EMF  treated 
infected  chicken  feed  conversion  was  better  (1.52)  than  the  non-treated  infected  chicken  (1.62). 

In  both  experiments  a  significant  reduction  (p<0.01)  in  intestinal  lesions  caused  by  the  different  subspecies  of 
the  parasite  was  observed  in  the  EMF  treated  group. 

Introduction 

For  chicken  farmers  infectious  disease  poses  the  biggest  problem  both  for  animal  welfare  as  economically. 
Preventive  antibiotics  have  been  used  as  a  growth  promoter  in  animal  production.  These  could  eliminate 
infectious  disease  early,  before  the  animals  had  to  spend  energy  on  the  disease.  In  general  up  to  5%  increase  of 
growth  could  be  achieved  with  preventive  antibiotics.  However,  preventive  antibiotics  have  been  banned  in 
Europe  from  animal  feed  since  2006,  because  of  development  of  microbial  resistance  in  humans. 

In  chicken  farming,  hygiene  and  waiting  periods  between  production  cycles  are  measures  that  help  against 
infectious  disease  for  pathogens  that  cannot  survive  outside  the  host.  However  in  particular  Coccidia  parasites 
with  their  long  surviving  spores  are  an  infection  that  cannot  in  practice  be  avoided.  ChemicaPpharmaceutical 
agents  against  coccidia  infection  will  be  banned  in  the  EU  from  2012  onwards.  This  has  led  to  a  cessation  of 
development  of  such  agents.  The  farming  community  has  the  impression  that  the  existing  agents  already 
increasingly  lose  their  effectiveness  due  to  development  of  resistance  in  the  coccidia  parasites. 

Coccidiosis  is  a  common  infectious  disease  in  poultry,  causing  major  economic  losses.  The  protozoan  parasite  of 
the  genus  Eimeria  explosively  multiplies  in  the  intestinal  tract  of  poultry  and  produces  tissue  damage,  resulting 
in  interruption  of  feeding  and  digestive  process  or  nutrient  absorption,  reduced  body-weight  gain,  dehydration 
and  blood  loss,  and  increase  susceptibility  to  other  diseases  agents  (McDougald,  2003)  such  as  Clostridium 
perfringens,  leading  to  necrotic  enteritis  (Helmond  and  Bryant,  1971;  Maxy  and  Page,  1977;  Shane  et  ah,  1985). 

Economically  the  damage  due  to  coccidia  infection  is  estimated  at  10  points  feed  conversion  (100  grammes  more 
feed  necessary  for  1  kg  weight  growth),  which  translates  into  a  result  loss  of  5  euro  cts  per  chicken. 

Immunent  has  designed  a  technology  in  which  low  field  strength  (around  5  micro  Tesla)  LF  EMF  is  applied  for 
the  treatment  of  chicken.  In  (Cuppen  et  al.  2006a)  ,  it  is  proposed  that  the  working  mechanism  of  this  treatment 
is  that  LF  EMF  induces  positive  stress  at  cell  level,  which  causes  an  increased  production  of  cytokines  (called 
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danger  signals)  that  put  the  immune  system  in  a  higher  state  of  alertness  and  activity. 


This  reduces  the  time  that  it  takes  for  a  self  sustained  immune  reaction  to  pathogens  to  be  established.  Therefore 
pathogens  have  less  time  to  multiply  and  damage  is  reduced. 

Many  studies  have  suggested  that  the  immune  response  to  Eimeria  infection  in  part  is  mediated  through  the 
release  of  cytokines.  Breed  et  al.  (1997)  reported  that  chicken  peripheral  blood  leucocytes  of  E.  tenella  infected 
chickens  produce  interferon-y  after  in  vitro  re-stimulation.  Moreover,  it  has  been  shown  that  treatment  of 
chickens  with  interferon-y  preceding  infection  with  E.  acervulina  decrease  the  negative  effect  of  infection  on 
weight  gain  (Lowenthal  et  al.,  1997). 

The  aim  of  this  study  is  to  determine  the  potential  of  the  treatment  with  the  Immunent  LF  EMF  signal  as  a 
weapon  against  infections  in  chicken  that  are  common  in  practice. 

Experiment  design 

Three  experiments  have  been  done,  with  1)  Campylobacter  infection,  2)  coccidia  infection  with  high  infection 
pressure  and  3)  coccidia  infection  with  lower,  more  practical  infection  pressure. 

For  the  three  subsequent  experiments  192,  288  and  272  one-day  old  female  broilers  (Ross  308)  are  purchased 
from  the  hatchery.  On  day  of  arrival,  they  are  wing-banded,  weighed  and  randomly  housed  in  wire-floor, 
suspended  cages.  Each  cage  is  provided  with  thick  foil  and  litter.  Each  test  cage  was  provided  with  a  16  loop  coil 
under  the  floor  through  which  LF  EMF  treatment  was  administered  for  30  minutes  per  day.  No  attempt  was 
made  to  create  a  uniform  field  since  in  another  experiment  it  was  determined  that  effective  field  strengths  lie 
between  0.1  and  50  micro  Tesla.  Moreover  the  practical  application  that  is  our  goal  will  also  not  allow  uniform 
field  strengths.  The  field  strength  (rms)  in  the  middle  of  the  cage  was  set  at  6,5  micro  Tesla,  measured  with  a 
F.W.Bell  5180  Tesla  meter  with  sensitive  probe.  Dosimetry  control  during  the  experiment  was  ensured  by 
constantly  monitoring  the  (rms)  current  through  the  coil.  The  applied  signal  was  designed  by  Immunent,  which 
contains  several  LF  components  with  frequencies  between  100  and  10.000  Hz. 

Continuous  lighting  is  provided  throughout  the  experiment.  The  temperature  in  the  cage  at  arrival  is  32°C  as 
required  by  one  day  chicken  and  is  gradually  decreased  to  ambient  temperatures  during  the  experiment. 

Two  different  basal  diets  are  produced  for  this  experiment  by  Research  Diet  Services  BV  in  Wijk  bij  Duurstede, 
The  Netherlands:  a  starter  diet  (week  1-2)  and  a  grower/finisher  diet  (week  3  -  6). 

Feed  and  water  were  available  ad  libitum. 

Treatment  and  control  groups  for  the  three  experiments  are  indicated  in  Table  1. 
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Table  1.  Test  groups  in  3  experiments. 

-/+camp  indicates  without/with  Campylobacter  infection;  -/+cocc  indicates  without/with  coccidia  infection. 


A  B  C  D 


Experiment  1 ,  42  days,  each  replicate  starts  with  6  chicken,  of  which  2  are  removed  at  random  and  analyzed  on 
day  12.  Infection  pressure  at  day  6  with  Campylobacter  jejuni  (indicated  as  +camp) 

Negative  control,  -camp  Positive  control,  +camp  EMF,  +camp 

8  replicates  8  replicates  16  replicates 

Experiment  2,  35  days,  each  replicate  starts  with  8  chicken,  2  are  removed  and  analyzed  at  day  21,  2  at  day  28,  2 
at  day  36.  Infection  pressure  (high)  at  day  15  with  Coccidia  (+cocc) 

Negative  control,  -cocc  Positive  control,  +cocc  EMF,  -cocc  EMF,  +cocc 

8  replicates  8  replicates  8  replicates  8  replicates 

Experiment  3,  35  days,  each  replicate  starts  with  8  chicken,  2  are  removed  and  analyzed  at  day  21,  2  at  day  28 
and  2  at  day  36.  Infection  pressure  (low)  at  day  15  with  Coccidia  (+cocc) 

Negative  control,  -cocc  Positive  control,  +cocc  EMF,  -cocc  EMF,  +cocc 

8  replicates  8  replicates  8  replicates  8  replicates 


Measurements 

Chickens  are  weighed  individually  on  day  of  arrival  and  subsequently  on  days  7,  14,  21,  28,  35  and  42  in 
experiment  1,  on  day  13  in  experiment  2  and  day  8  in  experiment  3,  and  on  days  21,  29  and  36  in  experiment  2 
and  3.  Feed  intake  is  measured  per  cage  on  a  weekly  basis.  Feed  intake  per  broiler  is  calculated  as  feed  intake  per 
cage  divided  by  number  of  broiler  days.  Mortality  is  registered  on  a  daily  basis,  but  rates  are  only  calculated  for 
the  total  period. 

Statistical  analysis 

The  oocyst  values  were  logarithmically  transformed  (log  10  (X  +  1))  to  create  a  normal  distribution  before  being 
analyzed,  and  lesion  scores  were  transformed  using  multinomial  transformation. 

All  performance  data  for  each  variable  are  subjected  to  an  analysis  of  variance,  in  which  the  treatment  (control 
vs.  EMF)  and  infection  (positive  or  negative)  were  the  independent  factors  with  the  statistical  program  SAS. 

The  level  of  statistical  significance  is  set  at  P<  0.05. 

Infection  with  Campylobacter  jejuni  in  experiment  1 

On  day  7,  after  collection  of  control  excrement  samples,  water  infected  with  Campylobacter  jejuni  C356  (ASG- 
Lelystad)  ( — 1  *  10s  per  ml)  is  offered  to  the  broilers  in  a  separate  drinking  cup.  For  infection,  broilers  need  to 
drink  only  1  ml  of  this  infected  water.  The  birds  had  access  to  drinking  water  for  1  hour. 

Collection  of  excrements  in  experiment  1 

On  days  7,  12,  19,  26,  33  and  40  plastic  foil  is  placed  on  top  of  the  litter  in  each  cage  in  order  to  collect  fresh 
excrements.  After  2  hours,  plastic  is  removed,  fresh  excrements  are  scraped  of  the  foil  and  stored  in  plastic  jars. 
Samples  are  sent  to  the  laboratory  the  same  day.  Analysis  of  the  excrements  starts  within  24  hours  after 
collection  according  to  the  method  of  Jacobs-Reitsema  et  al.  (1995). 

Inocula  and  contamination  procedure  experiment  2 

Sporulated  oocysts  of  E.  acervulina  (W119,  Weybridge),  E.  maxima  (Weybridge),  and  E.  tenella  (Floughton) 
laboratory  strains  were  obtained  from  the  Animal  Flealth  Service,  Poultry  Flealth  Centre  (Deventer,  The 
Netherlands).  The  number  of  oocysts  per  milliliter  of  suspension  was  counted  with  a  hemocytometer  (Fuchs- 
Rosenthal  counting  chamber).  A  volume  containing  sporulated  oocysts  (1.76xl04  E.  acervulina,  1.25xl04  E. 
maxima,  and  7.5x  1 0’  E.  tenella)  in  K2Cr207  was  transferred  into  a  scaled  plastic  tube  and  the  K2Cr207  was 
washed  out  by  centrifugation.  On  day  15  of  the  experiment  birds  in  18  cages  (144  birds)  were  individually 
infected.  The  sporulated  oocysts  were  administered  with  1  ml  of  tap  water  via  a  scaled  1-ml  syringe  directly  into 
the  crop. 
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Inocula  and  contamination  procedure  experiment  3 

In  this  experiment  a  natural  simulation  of  a  coccidial  infection  within  the  broilers’  test  facility  was  developed. 
This  was  accomplished  by  seeding  a  portion  of  the  litter  with  coccidial  oocysts  prior  to  broiler  placement  on  new 
litter  on  day  15  of  the  trial.  A  similar  dose  of  Eimeria  species  was  used  as  in  experiment  2,  e.g.  E.  acervulina,  E. 
maxima  and  E.  tenella.  Equal  amounts  of  each  species  was  mixed  into  the  wood  shaving  and  spread  evenly 
across  the  back  half  of  each  contaminated  group  pens.  The  broilers  picked  up  the  oocysts  from  the  seeded  litter, 
mimicking  a  natural  infection,  as  all  birds  do  not  pick  up  oocysts  at  the  same  time,  which  led  to  a  progression  of 
the  infection  as  in  the  field.  The  non-infected  broiler  groups  were  reared  in  clean  litter. 

Infection  measurements  experiments  2  and  3 

Oocyst  Count  (OPG) 

The  oocyst  per  gram  faeces  (OPG)  counting  were  performed  on  fresh  faeces  collected  on  days  15,  29,  and  36 
(days  6,  14,  and  21  post  infection).  Oocyst  shedding  was  assessed  on  one  sample  of  homogenized  faeces  material 
collected  from  each  cage.  Modified  MacMaster  counting  chamber  techniques  of  Hodgson  (1970)  was  used  to 
determine  the  OPG  in  the  homogenized  faeces.  A  10%  (w/v)  faeces  suspension  in  a  salt  solution  (1.1%)  was 
made.  After  shaking  vigorously,  1  ml  of  the  suspension  was  pipetted  into  9  ml-saturated  sodium  chloride  (1.2%). 
After  mixing  again,  a  portion  of  the  later  suspension  was  run  into  the  MacMaster  chamber  and  the  oocysts  per 
gram  faeces  were  counted. 

Caecal  lesions 

Intestinal  lesion  scorings  were  performed  blindly  to  the  treatment  modality  on  days  15,  29,  and  36  (days  6,  14, 
and  21  PI).  Two  birds  per  cage  (36  cages)  were  euthanized  by  cervical  dislocation,  dissected  and  different 
coccidial  lesions  were  scored.  The  0-4  scoring  system  described  by  Johnson  and  Reid  (1970)  was  used.  The 
scores  for  the  individual  birds  of  the  same  treatment  group  were  summed  up  to  arrive  at  a  treatment  value. 

Results  and  discussion 

Feed  intake  and  feed  conversion 

Daily  feed  intake  per  broiler  is  calculated  as  weekly  feed  intake  per  cage  divided  by  so-called  ‘broiler  days’, 
which  is  the  number  of  broilers  per  cage  times  the  number  of  days  corrected  for  drop  outs.  Data  show  that  the 
feed  intake  of  broilers  of  the  EM  group  was  significantly  lower  than  the  negative  control  group  for  all  three 
experiments. 

Feed  conversion  is  calculated  as  the  growth  [g]  divided  by  the  feed  intake  [g]  over  the  total  period.  The  results  of 
the  feed  conversion  are  shown  in  Table  2.  Feed  conversion  of  the  broilers  of  the  EM  group  with  infection  (as  in 
practice)  was  significantly  lower  than  controls  for  all  three  experiments. 


Table  2:  Feed  conversion  of  broilers 


Total  period 

Negative  control 

Positive  control 

EMF  no  infection 

EMF  w  infection 

Experiment  1 

1.78  ±0.02 

1.73  ±0.04 

1.61±  0.03* 

Experiment  2 

1.58  ±0.04 

1.63  ±0.04 

1.57  ±0.05 

1.52  ±0.06  * 

Experiment  3 

1.83  ±0.03 

1.84  ±0.05 

1.73  ±0.03* 

1.72  ±0.03* 

*  significant  (p<0.05) 

Comparing  negative  control  with  EMF  no  infection,  and  positive  control  with  EMF  with  infection  results  it  turns 
out  that  in  4  out  of  5  cases  a  significant  and  economically  highly  relevant  improvement  in  feed  conversion  is 
achieved  by  EMF  treatment.  In  chickens,  one  explanation  for  less  feed  uptake  indicates  could  be  less  energy 
spent  on  developing  infections.  Given  a  certain  amount  of  meat  consumption  this  also  translates  in  the 
corresponding  8%  decrease  in  resource  usage  for  meat  production.  Assuming  that  manure  production  is 
proportional  to  feed  conversion  minus  1  (the  amount  of  feed  not  transformed  into  live  weight)  and  assuming  that 
digestion  of  phosphates  in  feed  is  60%,  this  corresponds  to  a  reduction  in  phosphate  load,  for  equal  end  weight 
of  the  animals,  to  the  environment  of  about  16%. 

The  calculation  is  as  follows:  Feed  contains  X  per  kg.  The  animal  takes  up  Y  =  X  *  60%  *  1.84.  Excretion  is  (X 

*  40%  *  1,84)  without  EMF  and  (X  *  1.72  -  Y)  in  the  second  case.  Reduction  is  ((X  *  0.4  *  1.84  -  (X  *  1.72  -  X 

*  0.6  *  1.84))/ (X*  0.4  *  1.84)=  16%. 
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Moreover  it  should  be  noted  that  the  reduction  in  feed  conversion  achieved  rivals  the  best  results  achieved  in 
comparable  trials  with  preventive  antibiotics  (now  illegal  in  animal  feed  in  the  EU).  This  indicates  that  EM 
treatment  is  as  effective  in  suppressing  infections  and  the  resulting  productive  loss  in  chicken  as  preventive 
antibiotics  were. 

Microbiological  analysis  of  excrements 

Fresh  excrement  samples  were  taken  on  different  time  points  during  the  trial  and  were  analyzed  for  the 
quantitative  presence  of  Campylobacter  jejuni  in  experiment  1  and  OPG  count  (oocyst  shedding  -  parasite 
spores)  in  experiments  2  and  3..  The  results  are  presented  in  Table  3. 

Despite  proper  hygienic  conditions  the  negative  control  group  and  negative  EMF  groups  were  also  infected 
during  the  course  of  the  experiment.  Thus  they  became  also  infected  groups,  though  there  is  no  control  of  the 
level  of  infection. 

Table  3: _ 

Negative  control  Positive  control  EM  not  infected  EM  infected 
Experiment  1,  Amounts  of  colony  forming  units  (cfu)  of  Campylobacter  jejuni  in  excrements  of  broilers 
(expressed  as  10  log  CFU  per  g  of  excrement) 


Day  6 

negative 

negative 

negative 

Day  12 

3.24  ±0.61* 

6.05  ±0.15 

5.78  ±0.14 

Day  19 

5.71  ±0.24 

6.55  ±0.08 

6.37  ±0.15 

Day  26 

5.25  ±0.65 

6.16  ±0.23 

6.60  ±0.21 

Day  33 

4.58  ±0.54 

5.66  ±0.24 

5.88  ±0.21 

Day  40 

6.20  ±0.26 

5.98  ±0.17 

5.53  ±0.19 

Experiment  2,  OPG  counts  (oocysts  per  gram 

faeces,  expressed  as 

loglO  (X±l)) 

Day  21 

0.00  ±0.00 

5.70  ±0.35 

0.00  ±0.00 

5.96  ±0.06 

Day  29 

2.10  ±0.69 

4.02  ±0.34 

2.89  ±0.66 

3.86  ±  0.17 

Day  36 

4.10  ±0.20 

2.24  ±0.52 

3.87  ±0.58 

1.93  ±0.59 

Experiment  3,  OPG  counts  (oocysts  per  gram  faeces,  expressed  as 

loglO  (X±l)) 

Day  21 

1.72  ±0.87 

4.03  ±0.12 

2.17  ±0.83 

4.11  ±0.10 

Day  29 

3.26  ±0.71 

4.58  ±0.18 

2.05  ±0.78 

4.35  ±0.27 

Day  36 

4.04  ±0.27 

3.82  ±0.13 

2.36  ±0.71* 

3.66  ±0.23* 

Results  show  that  the  infection  with  Campylobacter  was  significantly  lower  in  the  negative  control  group  than  in 
the  other  two  groups  on  day  12.  One  week  later,  on  day  19,  infection  with  Campylobacter  jejuni  was  similar  for 
all  three  groups.  Applying  the  EM  field  under  the  cages  of  the  broilers  had  no  effect  on  the  infection  rate  of 
Campylobacter  throughout  the  experiment  in  terms  of  bacteria  excretion. 

Also  during  experiments  2  and  3  cross-contamination  occurred  again  in  both  uninfected  groups  despite  proper 
hygienic  conditions,  which  indicates  that  Campylobacter  and  Coccidiosis  are  both  very  infectious  in  practical 
circumstances. 

OPG  counts  on  day  29  and  day  36  are  numerically  lower  for  infected  EMF  group  compared  to  the  infected 
control  group  and  only  in  experiment  3  on  day  36  this  difference  is  statistically  significant.  More  investigations 
are  required  to  determine  whether  the  EMF  treatment  can  contribute  to  a  diminished  outbreak  of  a  coccidiosis 
contamination. 

Coccidial  lesion  scores  in  experiment  2  of  intestines  due  to  E.  acervulina  and  E.  maxima  were  significantly  lower 
in  the  positive  EMF  group  compared  to  the  positive  control  group  on  day  21  (Table  4a).  On  day  14  of  the 
experiment  cross  contamination  was  detected,  but  still  lesion  due  to  E.  maxima  of  the  EMF  positive  group  was 
significantly  lower  than  that  of  the  positive  control  group.  This  might  suggest  that  the  EMF  treatment 
counteracts  the  onset  of  a  coccidiosis  infection. 
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Table  4a: _ Mean  lesion  scores  of  intestines  for  experiment  2 


Control 

EMF 

-  cocc 

±  cocc 

-  COCC 

±  cocc 

E.  acervulina 

Day  21 

Day  29 

0.00  ±0.00 
0.30  ±0.11 

1.95  ±0.15 
0.90  ±0.10 

0.00  ±0.00 
0.50  ±0.13 

1.19  ±  0.10* 
0.63  ±0.13* 

E.  maxima 

Day  21 

Day  29 

0.00  ±0.00 
0.45  ±0.17 

2.30  ±0.15 
1.55  ±0.20 

0.00  ±0.00 
0.63  ±0.18 

1.50  ±  0.13* 
0.81  ±0.19* 

E.  tenella 

Day  21 

Day  29 

0.00  ±0.00 
0.30  ±0.12 

2.65  ±0.13 
1.00  ±  0. 16 

0.00  ±0.00 
0.56  ±0.18 

2.00  ±0.20* 
0.69  ±0.15* 

During  experiment  3  lesions  scores  of  intestines  were  also  determined  (see  Table  4b)  due  to  the  same  Eimeria 
spp.  These  results  show  that  the  EMF  treatment  caused  significantly  lower  lesions  scores  for  all  species 
investigated  during  the  whole  trial  for  both  infected  as  well  as  uninfected  groups,  except  for  E.  acervulina  and  E. 
tenella  on  day  21  (numerically  lower). 

Lesions  scores  of  both  infected  groups  in  experiment  1  started  at  a  similar  level  compared  to  the  individual 
contamination  of  experiment  2,  although  lesions  due  E.  acervulina  were  higher  and  lesions  due  to  E.  tenella  were 
lower.  Results  further  show  that  lesions  scores  decreased  during  the  trial  for  both  infected  groups,  which  showed 
that  the  contamination  by  seeded  litter  is  a  good  contamination  method  in  order  to  study  immunity  against 
coccidiosis  during  natural  contamination.  Lesion  scoring  of  both  uninfected  (control  and  EMF)  groups  increased 
during  the  trial,  which  shows  that  these  broilers  did  not  yet  reach  immunity  against  coccidiosis. 


Table  4b:  Mean  lesion  scores  of  intestines  for  experiment  3 


Control 

EMF 

-  COCC 

±  cocc 

-  COCC 

±  cocc 

E.  acervulina 

Day  21 

Day  29 

Day  36 

0.44  ±  0.22 
1.06  ±0.27 
1.38  ±0.26 

2.44  ±0.15 
1.69  ±0.09 
1.75  ±0.19 

0.44  ±0.18 
0.31  ±0.13* 
0.94  ±0.24* 

2.00  ±0.16* 
1.50  ±  0.15* 
1.22  ±0.10* 

E.  maxima 

Day  21 

Day  29 

Day  36 

0.13  ±0.08 
0.56  ±0.20 
1.50  ±0.38 

2.25  ±0.19 
1.63  ±0.08 
2.10  ±  0.12 

0.06  ±0.06* 
0.00  ±0.00* 
0.50  ±0.25* 

1.67  ±  0.13* 
1.33  ±0.21* 
1.22  ±0.21* 

E.  tenella 

Day  21 

Day  29 

Day  36 

0.13  ±0.08 
0.19  ±0.09 
0.56  ±0.15 

1.50  ±0.09 
1.31  ±0.13 
1.42  ±0.15 

0.06  ±0.06 
0.06  ±0.06* 
0.13  ±0.08* 

1.42  ±  0.11 
1.00  ±  0.1 1* 
1.17  ±0.11* 

It  is  unlikely  that  there  is  a  direct  effect  of  EMF  on  the  Eimeria  parasites.  In  literature  there  are  no  indications 
that  organisms  are  directly  and  seriously  damaged  by  EMF  without  an  extremely  high  energy  content.  In  our 
experiments,  the  energy  levels  are  extremely  low.  On  the  other  hand,  cytokine  production  has  been  reported,  as 
well  as  oxygen  burst,  both  of  which  are  instrumental  in  immune  activation.  It  is  therefore  not  unlikely  that  the 
reduction  in  pathology  found  is  caused  by  a  more  effective  immune  reaction  in  the  animal. 

Mortality  was  almost  equal  between  EMF  and  corresponding  control  groups  in  all  experiments  (11  vs.  12%,  7 
vs.  7%  and  16  vs.  14%  total  mortality  respectively  for  experiments  1,  2  and  3). 
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Conclusions 

The  study  indicates  that 

LF  EMF  treatment  does  not  seem  to  reduce  a  Campylobacter  infection  in  broilers,  which  is  in  agreement 
with  our  hypothesis  since  this  bacteria  is  a  commensal  for  chicken  and  an  enhanced  immune  system 
cannot  be  expected  to  fight  it. 

LF  EMF  treatment  reduces  the  damage,  in  terms  of  intestinal  lesions  of  Coccidiosis  infection  in  broilers. 
This  supports  the  hypothesis  that  LF  EMF  can  enhance  the  immune  response. 

LF  EMF  treatment  was  shown  in  4  out  of  5  measurements  to  improve  feed  conversion  up  to  12  points. 
This  is  highly  interesting  to  farmers  economically,  but  also  to  society  as  a  whole  since  it  represents  a 
decrease  in  resource  usage  of  8%  and  a  decrease  in  phosphate  load  on  the  environment  of  16%. 

Since  feed  conversion  improvement  is  not  restricted  to  the  experiments  where  the  chickens  were  actually 
suffering  from  (for  them)  relevant  infections  it  seems  that  LF  EMF  improves  the  immune  competence  of 
the  animals,  independent  of  one  particular  infection. 
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Abstract 

A  series  of  experiments  (n=14)  was  designed  to  determine  the  potential  of  LF  EMF  exposure  to  stimulate  the 
immune  system  of  fish. 

Common  carp  head  kidney-derived  phagocytes  were  used  to  determine  respiratory  burst  activity  as  a  measure  for 
immune  activation.  Exposure  to  the  Immunent  LF  EMF  signal  at  5  pT  or  1,5  mT  led  to  42%  or  33%  increase  in 
immune  activity,  respectively,  compared  to  negative  control  values.  EMF  could  also  additionally  stimulate 
chemically  pre-stimulated  samples  up  to  18%  (5  pT)  or  22%  (1,5  mT).  Statistical  analysis  was  carried  out  with 
SAS  via  a  meta-analysis  of  the  14  datasets.  A  significant  (p<0. 0001)  increase  on  the  response  of  the  EMF 
exposed  cells  was  found. 

Subsequently,  a  series  of  experiments  were  performed  using  live  goldfish.  During  transport  from  the  grower 
commercial  goldfish  suffer  from  heavy  parasitic  and  microbial  infections  to  such  an  extent  that  without  treatment 
high  mortality  will  be  observed  over  a  period  of  a  few  weeks. 

Groups  of  fish  were  housed  under  equal  conditions  in  at  least  4  control  tanks  and  8  to  16  EMF-exposed  tanks. 
Exposure  was  done  at  field  strengths  between  0,15  and  50  pT  by  coils  positioned  around  the  outside  of  the  fish 
tanks,  creating  a  predominantly  vertical  field. 

In  the  experiments  without  treatment  mortality  was  about  50%  after  18  days,  while  the  treatment  at  5  pT  reduced 
it  to  20%. 

In  a  third  experiment  the  treatment  field  strength  was  varied  between  0,05  pT  and  50  pT  in  6  steps.  The  decrease 
in  mortality  after  EMF  exposure  was  equally  strong  between  0,15  and  50  pT  and  only  slightly  less  strong  at  0,05 
pT.  In  a  fourth  experiment  the  field  strength  was  further  reduced  to  0,01  and  0,003  pT.  The  effect  is  gone  at 
0,001  pT  and  below,  while  the  situation  between  0,003  and  0,06  pT  an  increasing  dose  response  is  visible. 

Introduction 

Immunent  has  designed  a  proprietary  low  field  strength  (around  5  micro  Tesla)  LF  EMF  treatment,  aimed  at 
stimulating  the  immune  system.  In  another  paper  in  this  proceedings  (Cuppen  et  al.  2006a),  it  is  proposed  (see 
Fig.  1.)  that  the  working  mechanism  of  this  treatment  is  that  LF  EMF  induces  stress  at  cell  level,  which  causes 
an  increased  production  of  cytokines  (called  danger  signals)  that  put  the  immune  system  in  a  higher  state  of 
alertness  and  activity.  This  reduces  the  time  that  it  takes  for  a  self  sustained  immune  reaction  to  pathogens  to  be 
established.  Therefore  pathogens  have  less  time  to  multiply  and  damage  is  reduced. 

In  aquaculture  and  farming,  infectious  disease  is  one  of  the  biggest,  if  not  the  biggest  problem  and  challenge, 
economically  as  well  as  in  terms  of  animal  welfare  and  environmental  pressure.  "Disease  is  the  biggest  single 
impediment  to  aquaculture  development,"  said  Rohana  Subasinghe,  Senior  Fisheries  Research  Officer  at  the 
United  Nations'  Food  and  Agriculture  Organization  (FAO).  Total  damage  in  aquaculture  of  infectious  disease  is 
estimated  at  9  billion  $  yearly.  In  Equador  in  1999  70%  of  the  crop  of  farmed  shrimp  was  lost  due  to  a  single 
virus  infection,  that  led  to  a  national  crisis  and  a  loss  of  150.000  jobs.  Environmentally,  infectious  disease 
causes  a  lot  of  pressure:  by  the  chemicals  and  pharmaceuticals  used,  by  the  pathogens  that  multiply  in  farms  and 
increase  disease  pressure  on  the  surrounding  wildlife,  and  by  the  pressure  on  farmers  to  abandon  farms  with 
disease  and  start  new  farms  in  nature  areas. 
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Fish  and  other  aquatic  animals  such  as  shrimps  are  particularly  vulnerable  to  infectious  disease  because  they 
have  no,  or  much  less  adaptive  immune  system  and  have  no  transferred  immunity  from  the  mother. 

Simko,  Droste,  Kriehuber  and  Weiss  (2001)  and  Lupke,  Rollwitz  and  Simko  (2004),  have  demonstrated  that 
human  and  murine  macrophages  can  be  stimulated  to  higher  activity  through  LF  EMF.  In  this  research  we  will 
likewise  determine  the  effect  of  the  Immunent  signal  at  cell  level  by  measuring  oxygen  burst,  and  then  proceed 
to  in  vivo  experiments  aimed  at  demonstrating,  and  then  optimizing  the  effectiveness  of  Immunent  treatment  on 
fish. 

Materials  and  methods 

In  vitro  experiments 

Common  carp  head  kidney-derived  phagocytes  were  used  to  measure  oxygen  burst  activity  as  a  measure  for 
immune  activation. 

Oxygen  burst  causes  a  marked  increase  in  oxygen  uptake,  which  is  mainly  channeled  to  a  pathway  initiated  by 
the  reduction  of  oxygen  to  super  oxide  anion  (02-),  using  NADPH  or  NADH  as  the  electron  donor.  The  02-  is 
subsequently  converted  to  hydrogen  peroxide  (H202)  with  the  aid  of  the  enzyme  super  oxide  dismutase  (SOD). 

202  +  NADPH - >  202-  +  NADP+  +  H+ 


SOD 

202-  +  2H+  - >H202  +  02 

The  objective  of  this  test  is  to  measure  the  modulation  of  the  oxygen  burst  activity  in  macrophages  and 
neutrophilic  granulocytes  of  the  carp  pronephros,  or  head-kidney. 

The  measurement  is  based  on  the  reduction  of  a  salt:  Nitro  Blue  Tetrazolium  NBT  by  02-.  This  results  in  a  blue 
color,  which  is  measured  spectrophotometrically. 

Biochemical  Materials 

Phorbol  12-myristate  13-acetate  (PMA),  0.01  pg/pl,  a  standard  chemical  stimulant  of  Oxygen  burst  in  leukocytes 
known  to  give  a  high  response  as  a  positive  control 

RPMI  without  phenol  red:  washing  and  culture  media  (the  red  indicator  dye  disturbs  the  final  reading  on  the 
spectrophotometer) 

Nitro  Blue  Tetrazolium  in  RPMI  without  phenol  red.  (NBT;  grade  III)  1  mg/ml  final  concentration 
2N  KOH  (Potassiumhydroxid) 

100%  and  70%  methanol 
Dimethylsulfoxide  (DMSO) 

flat  bottomed  96-well  microtiterplate  (sterile)  coated  with  adherent  cells 
spectrophotometer  with  filter  at  690  nm 

Biochemical  Methods 

Leukocytes  are  collected  from  the  head  kidney  and  placed  at  4  degrees  Celcius  overnight.  Next,  they  are  plated 
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out  in  96  well  trays  with  100  pi  in  each  well.  The  cells  are  allowed  to  adhere  for  30  mins  at  27  oC  (  5  %  C02, 
humidity  100  %).  After  inspection,  non-adherent  cells  are  washed  away  by  rinsing  twice  with  100  pi  of  RPMI- 
phenol  red  culture  medium  (one  row  at  a  time). 

The  NBT  assay  is  started  by  removing  the  supernatant  and  by  adding  150  pi  of  NBT  and  subsequently  the 
stimulators  (10  pi  of  PMA  and/or  30  mins  EMF),  followed  by  or,  in  case  of  EMF,  in  parallel  to  incubation  of  the 
cells  for  90-120  minutes  at  27  oC  (  5  %  C02,  humidity  100  %). 

After  the  incubation,  the  NBT  solutions  are  removed  and  the  cells  are  washed  once  by  rinsing  with  RPMI 
medium  without  phenol  red.  The  remaining  cells  are  fixated  for  5  minutes  with  100  pi  100  %  methanol,  then 
washed  twice  with  100  pi  70  %  methanol  to  remove  possible  NBT-rests.  The  plate  is  left  to  dry. 

The  blue  formazan  inside  the  cells  is  solubilized  in  100  pi  2N  KOFI  to  which  100  pi  DMSO  is  added.  The 
content  of  the  well  is  mixed  thoroughly. 

The  optical  density  is  measured  at  690  nm  (ref.  filter  at  414  nm)  in  a  spectrophotometer. 

EMF  materials 

An  exposure  magnet  was  designed  for  exposing  one  or  two  rows  of  a  96  well  plate  simultaneously.  Since  earlier 
experience  indicated  cross  talk  to  controls  at  enormously  low  field  strengths  we  aimed  for  the  lowest  fringe 
fields  possible.  Based  on  experience  from  MRI  magnets,  eight  Ferrite  C  arm  units  were  built  (six  used),  each  for 
exposing  one  or  two  rows  of  a  96  well  plate  to  a  uniform  AC  magnetic  field.  The  “C”  of  the  magnet  was  built  of 
16  mm2  Ferrite  3C90,  the  pole  shoes  were  99x30x8  mm.  above  and  below  the  pole  shoes,  coils  with  600  turns 
each  were  placed  around  the  C  arm.  Saturation  in  the  ferrite  occurs  above  170  mT,  therefore  this  setup  allowed  a 
field  strength  of  5  mT  to  be  achieved  in  the  exposure  gap  without  saturation  effects  in  the  C.  A  uniformity  of 
10%  or  better  was  achieved  at  the  well  positions. 

Side  ways,  the  fringe  field  was  measured  to  decrease  by  at  least  a  factor  2  every  2  cm.  Thus  at  a  distance  of  5 
meters  (which  was  kept  for  the  controls)  one  may  safely  assume  the  fringe  field  to  be  below  1  pT.  It  was  no 
longer  measurable  with  our  equipment  at  1  m  distance. 

Signals  were  generated  by  an  Inurnment  signal  generator,  capable  of  generating  field  strengths  between  0,15  pT 
and  1.5  mT  in  the  exposure  area,  with  a  proprietary  signal  consisting  of  several  LF  components  with  frequencies 
between  100  and  10.000  Hz. 

The  signal  generator  monitored  currents  through  the  coils  during  the  experiment,  which  were  calibrated  to 
correspond  to  the  desired  field  strength  using  an  F.W.Bell  7000  Tesla  Meter  with  sensitive  probe. 

Experiment  design 

Each  run  measured  48  samples,  in  six  groups  of  8  samples.  Half  of  the  groups  were  not  chemically  pre¬ 
stimulated  (negative)  and  half  were  pre-stimulated  with  PMA  (positive).  Two  groups  were  taken  as  controls, 
while  EMF  stimulation  was  done  on  four  groups,  two  at  5  pT  field  strength  and  two  at  1,5  mT  field  strength. 
Exactly  those  runs  were  included  in  the  results  where  the  positive  control  average  exceeded  the  negative  control 
average  by  at  least  50%,  independent  of  the  measurements  for  the  EMF  exposed  cells.  If  that  is  not  the  case  it 
must  be  assumed  that  the  cell  isolation  was  not  properly  done.  This  led  to  the  exclusion  of  6  runs  out  of  a  total  of 
20  runs  executed. 

In  vivo  experiments 

Subsequently,  a  series  of  experiments  were  performed  using  fantail  goldfish  ( Carrassius  auratus  spp.), 
heavily  infected  with  ecto  parasites  (gill  parasites)  such  as  dactylogyrus/ gyrodactylus,  trichodina,  chilodinella 
and  costia.  Infection  with  those  parasites  occurs  consistently  at  the  grower  and  increases  during  storage,  packing 
and  international  transport  due  to  crowding.  This  and  subsequent  secondary  bacterial  infections  cause  high 
mortality  if  not  treated.  The  progress  of  the  diseases  can  be  measured  by  daily  counting  and  removing  dead  fish 
over  a  period  of  a  few  weeks.  Fish  were  randomly  allotted  over  the  tanks.  Individual  fish  weight  was  2.5  (±  0.5 
g) 

Daily,  the  fish  were  checked  for  health.  Dead  fish  were  counted,  removed  and  discarded. 

The  number  of  fish  per  replicate  tank  varied  between  the  experiments,  12  in  the  first  and  second  experiment,  21 
in  the  third,  and  30  in  the  fourth. 

Fish  were  housed  in  PVC  tanks  with  a  content  of  30  liter.  Aeration  of  water  and  daily  change  of  20  %  of  the 
water  maintained  water  quality.  |Fish  were  fed  commercial  feed  ad  libitum. 

Groups  of  fish  were  housed  under  equal  conditions  in  at  least  4  control  tanks  and  8  to  16  EMF-exposed  tanks. 
Exposure  was  done  at  field  strengths  between  0,15  and  50  pT  by  coils  positioned  around  the  outside  of  the  fish 
tanks,  creating  a  predominantly  vertical  field.  Lower  field  strength  exposures  were  achieved  by  placing 
additional  tanks  in  the  stray  field  of  a  tank  with  a  coil,  calibrating  that  stray  field  to  the  current  in  the  coil,  and 
then  controlling  the  current. 
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The  tanks  were  standard  PVC  tubs  of  50  cm  height,  30  cm  diameter,  around  which  standard  isolated  1.5  mm2 
electricity  wire  was  tightly  wound  in  160  turns.  At  the  lower  end  a  spiral  end  cap  of  12  turns  over  the  outer  half 
of  the  diameter  and  at  the  top  flange  20  additional  turns  were  wound  to  optimize  uniformity  in  the  tub.  Thus 
inside  the  tubs  a  practical,  but  close  approximation  was  achieved  of  the  field  of  a  long  solenoid  coil.  The 
deviation  of  the  theoretically  uniform  field  of  the  solenoid  was  calculated  using  Vector  Fields  software  by  dr. 
Johan  Overweg  of  Philips  Research,  MRI  section,  and  is  better  than  5%  in  the  water  volume  further  than  4  cm 
from  the  lower  outside  circumference  of  the  tub,  and  better  than  20%  further  than  2  cm  from  that  outside  circle. 
The  signal  generator  was  as  described  above  for  the  in  vitro  experiments. 

Results  and  discussion 

In  vitro  experiments 

Oxygen  burst  measurements  were  averaged  over  the  8  samples  available  in  each  group.  Averages  of  the 
measurements  without  pre-stimulation  and  of  the  positive  control  group  (with  pre-stimulation)  were  divided  by 
the  negative  control  average  in  the  corresponding  run.  The  averages  of  pre  stimulated  measurements  were 
divided  by  the  corresponding  positive  control  average.  The  resulting  data,  with  standard  deviation  estimates 
derived  from  the  data  in  each  group,  are  given  in  Table  1. 


Table  1.  Oxygen  burst  results  of  14  runs  with  6  times  8  samples  each 


%  average  normalized  to 

%  average  normalized  to 

negative  control  average 

positive  control  average 

neg  contr 

neg,  5  pT 

neg,  1,5  mT 

pos  contr 

pos,  5  pT 

pos,  1,5  mT 

gem 

stdev 

gem 

stdev 

gem 

stdev 

gem 

stdev 

gem 

stdev 

gem 

stdev 

v50131 

100% 

8% 

109% 

6% 

95% 

7% 

223% 

41% 

99% 

13% 

87% 

10% 

v50202 

100% 

6% 

131% 

23% 

108% 

8% 

162% 

30% 

117% 

19% 

103% 

30% 

v50209 

100% 

24% 

138% 

36% 

142% 

23% 

418% 

73% 

115% 

9% 

190% 

17% 

v50215 

100% 

54% 

278% 

120% 

176% 

131% 

788% 

118% 

98% 

17% 

113% 

46% 

V50222 

100% 

24% 

118% 

41% 

115% 

50% 

319% 

59% 

130% 

25% 

144% 

32% 

V50223 

100% 

50% 

75% 

17% 

151% 

32% 

235% 

90% 

136% 

22% 

104% 

24% 

V50315 

100% 

10% 

120% 

25% 

62% 

18% 

166% 

28% 

131% 

34% 

106% 

21% 

V50405 

100% 

15% 

128% 

29% 

112% 

31% 

162% 

23% 

141% 

42% 

141% 

31% 

v50406a 

100% 

17% 

142% 

25% 

152% 

23% 

179% 

37% 

143% 

26% 

126% 

16% 

v50406b 

100% 

31% 

206% 

119% 

322% 

70% 

230% 

33% 

143% 

54% 

175% 

26% 

v50419a 

100% 

28% 

93% 

27% 

66% 

11% 

201% 

48% 

92% 

20% 

101% 

14% 

v50419b 

100% 

10% 

212% 

50% 

138% 

40% 

259% 

54% 

133% 

26% 

110% 

17% 

V50420 

100% 

15% 

112% 

27% 

118% 

21% 

205% 

38% 

86% 

17% 

122% 

14% 

V50426 

100% 

55% 

126% 

89% 

112% 

67% 

323% 

86% 

82% 

13% 

92% 

19% 

average 

100% 

142% 

133% 

276% 

118% 

122% 

Oxygen  burst  was  increased  in  12  out  of  14  cases  after  5  pT  treatment,  in  11  out  of  14  cases  after  1,5  mT 
treatment.  With  pre  stimulation,  oxygen  burst  was  further  increased  in  9  out  of  14  cases  at  5  pT,  and  in  12  out  of 
14  cases  at  1,5  mT. 

On  average,  exposure  to  5  pT  or  1,5  mT  led  to  42%  or  33%  increase  in  immune  activity,  respectively,  compared 
to  negative  control  values.  EMF  could  also  additionally  stimulate  PMA-stimulated  samples  up  to  18%  (5  pT)  or 
22%  (1,5  mT).  Statistical  analysis  was  carried  out  with  SAS  via  a  meta-analysis  of  the  14  datasets. 
A  significant  (p<0.0001)  increase  on  the  response  of  the  EMF  exposed  cells  was  found. 

These  data  are  in  line  with  those  reported  for  50  Hz,  sinusoidal,  1  mT  fields  in  murine  and  human  macrophages 
in  Simko  et  al.  2001  and  Lupke  et  al.  2004. 

In  vivo  experiments 

The  subsequent  series  of  experiments  with  diseased  goldfish  returned  the  following  results.  In  each  graph 
mortality  is  indicated  in  %  of  the  total  number  of  fish  in  each  test  group,  as  it  develops  over  the  course  of  the 
experiment.  As  can  be  seen  the  horizontal  mortality  lines  after  day  20  in  experiment  3  (no  further  mortality), 
after  18  to  20  days  usually  the  surviving  fish  had  recovered  from  the  diseases  both  in  the  control  and  the  test 
groups,  as  was  confirmed  by  visual  inspection.  Most  test  groups  consisted  of  at  least  4  replicates,  in  which  the 
number  of  fish  initially  was  gradually  increased  after  more  experience  was  gained.  For  some  experiments 
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however  with  gradually  varying  parameters  2  replicates  were  taken. 

Please  note  that  in  each  experiment  a  new  batch  of  fish  was  procured  from  the  importer  of  the  fish.  Fish  from 
groups  heavily  infected  with  parasites  were  selected.  However  the  initial  disease/health  level  of  the  fish  varies 
between  experiments.  The  absolute  levels  of  survival  between  experiments  are  therefore  not  comparable.  Within 
one  experiment  the  fish  had  comparable  health  so  the  comparisons  within  one  experiments  are  valid. 

The  first  experiment  compared  survival  in  4  control  groups  with  8  groups  treated  at  5  pT.  Each  group  contained 
12  fish. 


Figure  2.  Experiment  1. 


Experiment  1:  Mortality  144  goldfish  with  infections 


- -  Control  (48)  - EMF  treated  (96) 


day 


As  can  be  seen  there  is  a  large  difference  in  the  survival,  which  was  consistently  more  than  80  %  better  in  the 
treated  group  over  the  course  of  the  experiment.  The  end  values  were  52%  ±  14%  untreated  and  19%  ±  10% 
treated.  The  experiment  was  repeated,  this  time  with  12  treatment  groups  of  12  fish  each. 

Figure  3. 


Experiment  2:  Mortality  192  goldfish  with  infections 


- -Control  (48)  - EMF  treated  (144) 


day 


This  time  the  improvement  was  again  a  factor  2.  The  end  values  were  52%  ±  8%  untreated  and  26%  ±  19% 
treated. 

In  order  to  find  out  more  about  the  field  strength  dependency  of  the  effect  and  to  determine  the  required  distance 
between  tubs  for  parameter  variation  experiments,  a  next  experiment  was  done  with  varying  field  strength.  There 
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were  4  control  groups  and  2  test  groups  for  6  different  field  strengths  varying  from  0.15  to  50  pT.  Each  group 
contained  21  fish  initially. 


Figure  4. 


Experiment  3:  mortality  336  goldfish  with 

infections 


:  -  -  -  Control  (84)  i 

' - 0.15  uT  (42)  j 

j - 0.5  uT  (42)  i 

i .  1.5  uT  (42)  ! 

; - 5  uT  (42)  | 

i - 15  uT  (42) 

i - 50  uT  (42) 

j  EMF  treated_(252)  j 


day 


In  this  figure  for  6  different  field  strength,  ranging  from  0.15  pT  (thin  solid  line)  to  50  pT  (thick,  long  dashed 
line)  the  mortality  development  is  given  as  before.  Again,  the  control  groups  suffered  mortality  increasing  to 
52%  on  day  28  (upper,  thick  short  dashed  line).  The  average  of  all  treatment  groups  is  also  given  (thick  solid 
line),  this  increases  to  15%  at  day  28.  The  end  values  were  52%  ±  29%  untreated  and  15%  ±  11%  treated  (all 
together).  Again,  the  treatment  resulted  in  a  strong  decrease  in  mortality  at  all  field  strength  levels.  The  final 
percentages  at  day  28  are  given  for  clarity  also  in  Figure  5. 


Figure  5. 

Experiment  3:  Total  mortality  in  %  at  various  field 

strengths 


The  result  indicated  that  the  decrease  in  mortality  after  EMF  exposure  was  equally  strong  between  0,15  and  50 
pT,  except  at  15  pT.  There  seems  to  be  a  decease  in  effectiveness  from  0,05  pT  downwards  which  becomes 
noticeable  at  0,015  pT. 
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Since  for  our  application  especially  the  lowest  field  strength  range  is  important  a  follow  up  experiment  was 
performed  that  simulated  lower  field  strength  than  0,15  pT  by  placing  test  tubs  in  the  stray  field  of  a  5  pT  tub. 
This  was  done  because  the  voltages  and  currents  needed  to  create  such  small  fields  are  so  low  that  electronic 
noise  became  too  high.  The  5  pT  tub  is  built  as  a  solenoid  coil  along  the  complete  height  of  the  tub.  Such  a 
solenoid  coil  has  a  small  but  rather  uniform  stray  field  that  is  suitable  for  the  analysis  that  we  wished  to  perform. 
The  result  is  given  in  Figure  6. 

Figure  6. 

Experiment  4:  mortality  300  goldfish  with 

infections 


- Control  (60) 

- 0.003  uT  (60) 

- 0.01  uT  (60) 

- 0.06  uT  (30) 

-  :  -  _5  uT  (90) 


N  3)  <0  A  °>  NN  No> 

day 


From  the  .06  pT  group  in  Fig.  6  one  replicate  was  lost  due  to  a  technical  problem. 

It  can  be  observed  that  over  the  whole  period  mortality  is  highest  in  the  control  group  and  lowest  in  the  group 
treated  at  5  pT.  From  day  7  onwards  mortality  is  strictly  increasing  with  decreasing  field  strength. 

Even  at  0.003  pT  (3  nT)  these  results  indicate  that  there  still  is  an  effect  of  the  treatment. 

These  results  indicate  that  in  order  to  be  reasonably  confident  that  there  is  no  influence  of  EMF  on  control 
groups  one  must  go  to  field  strength  levels  of  1  nT  or  lower. 

Conclusions 

This  research  shows  that  the  ELF  EMF  treatment  as  used  by  Immunent  is  capable  of  stimulating  the  immune 
system.  On  a  cell  level  phagocyting  cells  have  been  shown  to  become  more  active  after  treatment.  This  result 
was  obtained  at  1,5  mT  as  well  as  at  5  pT. 

On  the  level  of  the  whole  organism  it  was  shown  that  at  and  around  5  pT  the  survival  of  diseased  fish  could  be 
greatly  improved  by  the  treatment.  In  the  light  of  the  cell  experiments  also  reported  on,  it  is  likely  that  this  is 
based  on  an  increased  immune  activity  of  the  fish.  The  effect  is  present  in  a  large  window  of  field  strengths 
around  5  pT,  and  one  must  go  to  the  level  of  1  nT  or  lower  to  be  confident  that  the  effect  is  no  longer  present. 
Proper  distances  between  controls  and  test  tubs  are  therefore  important. 

Because  of  the  low  field  strengths  required,  and  the  surprisingly  large  effects  on  animal  health,  the  results 
indicate  that  practical  application  with  important  economic  advantages  for  farmers  is  possible.  Moreover,  the 
new  experimental  model  used  in  this  study  can  be  important  for  bioeffects  studies  for  EMF  in  general. 
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Abstract 

This  paper  presents  an  environmental  analysis  of  the  electric  field  due  to  MV  overhead  lines  supported  by 
concrete  poles  with  a  pole-top-pin  construction.  A  three-phase  system  of  voltages  has  been  applied  to  an  electric 
model  of  the  configuration  and  a  three-dimensional  numerical  analysis  has  been  done  by  using  the  charge 
simulation  method.  The  time  variation  of  the  electric  fields  at  the  frequency  of  50  Hz  has  been  numerically 
computed  and  the  obtained  results  have  been  experimentally  validated  by  means  of  an  extensive  campaign  of 
measurements.  The  preliminary  set-up  checks  in  order  to  minimize  the  perturbation  error  due  to  the 
measurement  instrument  are  described.  The  rms  values  of  the  three  components  of  the  electric  field  have  been 
measured  and  the  data  obtained  around  a  MV  line,  at  different  heights  (up  to  2  m  from  the  ground),  far  and  near 
a  supporting  concrete  pole  are  reported.  A  significant  result  is  that  the  electric  field  at  the  pole  surface  at  the 
height  of  2  m  is  greater  than  the  one  at  the  same  level  under  the  line  in  the  midpoint  of  the  span. 

Introduction 

A  three-phase  MV  overhead  power  line  is  relevant  to  an  environmental  analysis  of  the  electromagnetic  field  in 
the  ELF  range.  Poles  made  in  reinforced  concrete  are  extensively  used  as  line  supporting  structure  [1,  2],  but 
their  inclusion  in  the  electric  field  evaluation  is  not  easy.  In  fact,  the  electric  field  analysis  far  from  the  concrete 
poles,  e.g.  in  the  midpoint  of  the  span,  is  a  well-known  case,  and  a  bi-dimensional  (2-D)  model  can  be  used 
obtaining  good  results  [3,  4].  On  the  contrary,  the  inclusion  of  a  supporting  conductive  structure  is  complicated, 
requiring  the  use  of  a  three-dimensional  (3-D)  model  [5]. 

In  the  following  the  results  of  an  analysis  on  a  pole-top-pin  configuration  used  in  MV  overhead  lines  are 
referred.  The  paper  is  split  in  three  sections;  the  first  section  reports  the  numerical  analysis  of  the  configuration, 
starting  from  an  electric  model,  and  then  describing  the  numerical  method  and  the  obtained  results.  The  second 
section  reports  the  extensive  campaign  of  measurements  performed,  whose  data  have  been  used  for  the 
validation  of  the  numerical  results.  The  third  section  presents  a  discussion  of  the  results.  The  conclusive  remarks 
have  been  reported  in  a  final  short  summary. 

Numerical  analysis 

a)  Electric  model  of  the  pole-top-pin  construction 

The  simplified  structure  of  the  analyzed  MV  overhead  line  supported  by  concrete  poles  with  a  pole-top-pin 
construction  is  shown  in  fig.  1.  The  three  wires  are  represented  by  three  straight  cylindrical  conductors;  each  one 
of  them  will  be  referred  to  in  the  remainder  as  "overhead  conductor";  the  axes  of  the  conductors  are  parallel  to 
each  other  and  to  the  ground.  The  diameters  of  the  overhead  conductors  (0)  are  the  same.  A  three-phase  system 
of  voltages  is  applied  to  the  overhead  conductors. 

The  supporting  concrete  pole  (referred  to  in  the  remainder  as  "pole")  is  assumed  to  be  a  cylindrical  conductor, 
with  vertical  axis  and  radius  R  of  the  cross-section.  The  pole  is  assumed  equipotential  with  the  ground. 

A  Cartesian  coordinate  system  has  been  adopted,  where  z  is  the  vertical  pole  axis  and  x  is  the  direction  of  the 
central  overhead  conductor  (fig.  1). 

The  height  of  the  pole  is  a.  The  axis  of  the  central  top  overhead  conductor  (marked  with  2  in  fig.  1)  is  high  b 
over  the  top  of  the  pole,  while  the  axes  of  the  two  lateral  overhead  conductors  (marked  with  1  and  3  in  fig.  1)  are 
high  a  over  the  ground  and  distant  c  from  the  pole  axis. 

In  MV  overhead  lines  with  a  pole-top-pin  construction  different  values  are  used  for  the  geometry,  i.e.  for  the 
pole  height,  the  pole  diameter,  the  spacing  of  the  overhead  conductors,  or  the  wire  diameter.  Among  all  the 
cases,  for  the  numerical  analysis  an  average  value  for  a  and  typical  values  for  the  other  parameters  have  been 
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chosen.  The  following  values  have  been  taken:  a  =  10.5  m,  b  =  0.8  m,  c  =  0.76  m,  R  =  0.1  m,  and  0  =  0.01  m 

[1,2]. 


Fig.  1  Three-phase  MV  power  line:  overhead  conductors,  pole  and  ground. 


b)  The  charge  simulation  method 

The  electric  field  around  the  MV  power  line  was  computed  by  using  the  charge  simulation  method  (CSM).  In 
this  method  conductors  and  their  surface  charges  are  replaced  by  simulating  charges  placed  inside  the 
equipotential  contours  of  the  conductors  [6-9].  The  presence  of  the  ground  plane  is  taken  into  account  by  a 
corresponding  set  of  image  charges.  The  charge  density  is  initially  unknown  but  is  readily  calculated  when 
potentials  are  set  on  a  number  of  points  of  the  contours.  Then  potentials  and  electric  field  can  be  computed 
everywhere.  The  accuracy  of  the  method  is  tested,  by  determining  potentials  and  fields  on  control  points  of  the 
conductors  different  from  those  at  fixed  potential. 

In  this  study,  uniformly  charged  segments  have  been  used.  A  section  of  the  MV  line,  extending  30  m  apart  from 
the  pole  on  both  sides,  was  considered:  the  equipotential  contour  of  each  overhead  conductor  was  simulated  by 
means  of  60  couples  of  segments,  symmetrically  placed  close  to  the  axis  and  parallel  to  it,  one  twentieth  of  the 
radius  apart  from  the  axis.  Other  70  couples  of  segment  charges  were  arranged  in  the  same  way  to  simulate  the 
pole  equipotential  contour.  These  70  couples  were  placed  on  two  axes,  parallel  to  the  pole  axis  and  at  opposite 
sides  to  it  along  y. 

The  accuracy  was  tested  following  two  different,  widely  used,  criteria,  on  potentials  and  on  fields  [7].  With  1  kV 
applied  on  one  phase  and  0  V  on  the  other  two,  an  electric  potential  difference  generally  lower  than  0.2  V  was 
found  on  control  points.  Furthermore,  the  ratio  between  tangential  and  normal  components  of  the  electric  field 
on  control  points  on  the  surface  of  the  conductors  was  calculated,  and  resulted  to  be  generally  lower  than  0.01 
(i.e.  a  deviation  of  less  than  one  degree  of  the  direction  of  the  computed  field  from  the  normal  to  the  surface  of 
conductors). 

It  is  worth  noting  that  the  charge  simulation  method  was  chosen  in  this  study  because  it  allows  to  compute  the 
electric  field  with  a  very  small  number  of  simulating  charges:  for  the  calculation,  a  matrix  of  only  500x500 
elements  shall  be  solved.  Consequently,  each  computation  run  requires  about  5  seconds  on  a  PC  with  256  MB 
RAM,  1.8  GHz  Pentium  IV. 

c)  Electric  field  computations 

It  is  well  known  [1,2]  that  the  electric  field  around  a  three-phase  transmission  line  is  generally  a  vector  rotating 
in  a  plane,  where  it  draws  an  ellipsis.  In  order  to  get  the  complete  description  of  the  ellipsis,  in  this  research  the 
field  was  computed  by  means  of  the  CSM  at  different  times  along  the  whole  cycle:  the  direction  and  magnitude 
of  the  electric  field  at  its  maximum  and  minimum  were  recorded,  giving  the  major  and  minor  axes  of  the  ellipsis 
and  the  plane  where  it  lies. 

In  order  to  achieve  this  result,  the  three  contributions  to  the  electric  field  due  to  each  conductor  at  unit  potential, 
while  the  two  others  are  at  zero  potential  (with  the  pole  always  at  zero  potential),  were  computed. 

Indicated  with  E(x,  y,  z,  Vi,  V2,  V3)  the  vector  of  the  electric  field  in  a  point  x,  y,  z  due  to  the  potentials  Vi,  V2, 
V3  applied  to  the  three  overhead  conductors  1,  2  and  3,  the  contributions  are: 
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Ei(x,  y,  z)  =  E(x,  y,  z,  1,  0,  0) 

E2(x,  y,  z)  =  E(x,  y,  z,  0,  1,0)  (1) 

E3(x,  y,  z)  =  E(x,  y,  z,  0,  0,  1) 

and  the  total  electric  field  is: 


E(x,  y,  z,  V i,  V2,  V3)  =  E,(x,  y,  z)  Vi  +  E2(x,  y,  z)  V2  +  E3(x,  y,  z)  V3 


The  potentials  V],  V2,  V3  have  been  set  with  reference  to  a  three-phase  line  voltage  of  20  kV  rms:  3600  values 
have  been  computed  with  an  iteration  process,  by  increasing  the  phase  of  0.1°  each  step,  in  order  to  cover  the 
whole  cycle  of  360°. 

Recording  the  maximum  of  Ex,  Ey  and  Ez,  their  rms  value  can  be  computed  simply  dividing  the  maximum  by 

\[l  .  Moreover  the  rms  value  of  the  intensity  of  the  total  electric  field  results  as  the  root  sum  square  of  the  three 
rms  values  of  Ex,  Ey  and  Ez. 

Finally,  the  major  and  minor  axes  of  the  ellipsis  are  found  by  recording  the  maximum  and  minimum  of  the 
magnitude  of  E(x,  y,  z,  Vb  V2,  V3),  while  the  values  of  the  three  components  Ex,  Ey  and  Ez  at  the  maximum  and 
the  minimum  give  the  direction  of  the  axes. 


d)  Numerical  results 

As  a  first  analysis,  the  rms  values  of  Ex,  Ey  and  Ez  on  the  plane  y  =  0  have  been  considered  up  to  z  =  2  m.  The 
numerical  results  of  Ex,  Ey  and  Ez  at  z  =  1  m  and  at  z  =  2  m  are  reported  in  fig.  2,  respectively  on  the  left,  at  the 
centre  and  on  the  right.  The  data  are  reported  up  to  10  m  from  the  pole. 


[V/m]  [V/m]  E^  [V/m] 


x  [m]  x  [m]  x  [m] 

Fig.  2  Numerical  results  of  Ex  (left),  Ey  (centre),  Ez  (right)  at  y  =  0,  z  =  1  m  (continuous  lines)  and  at  y  =  0, 
z  =  2  m  (dashed  lines). 

The  effect  of  the  pole  is  clear.  At  the  pole,  the  electric  field  is  normal  to  the  pole  surface.  Ex  is  large,  while  Ey 
and  Ez  are  null. 

Moving  from  the  pole  in  the  x  direction,  from  fig.  2  it  can  be  seen  that  Ey  quickly  reaches  the  same  value  that  is 
found  far  from  the  pole,  i.e.  at  the  midpoint  of  the  span  at  y  =  0.  In  particular  the  effect  of  the  pole  for  Ey  is 
extremely  localized.  Ex  and  Ez  reach  the  same  value  found  far  from  the  pole  approximately  after  a  few  meters. 
Increasing  x,  at  y  =  0,  Ex  tends  to  zero,  while  Ez  increases  its  value  at  the  one  expected  at  the  midpoint  of  the 
span. 

It  can  be  noticed  that  the  reinforced  concrete  pole  makes  Ex  at  the  pole  even  higher  than  the  values  of  Ey  and  Ez 
evaluated  at  the  midpoint  of  the  span. 

A  second  analysis  has  been  performed  at  x  =  0  and  at  x  =  5  m  and  the  rms  values  of  Ex,  Ey  and  Ez  have  been 
considered  again  up  to  z  =  2  m.  The  values  at  x  =  5  m  are  assumed  not  affected  by  the  pole,  as  indicated  by  the 
data  reported  in  fig.  2.  On  the  other  hand,  the  data  at  x  =  0  are  reported  to  analyze  the  effect  of  the  pole  in  the  y 
direction. 

The  numerical  results  of  Ey  and  Ez  at  z  =  1  m  and  at  z  =  2  m  are  reported  in  fig.  3  and  fig.  4  respectively, 
showing  on  the  left  the  value  at  x  =  0  and  on  the  right  the  value  at  x  =  5  m.  The  data  are  reported  up  to  y  =  10  m. 
Again,  at  the  pole,  the  electric  field  is  normal  to  the  pole  surface.  At  x  =  0,  on  the  pole  surface,  Ey  is  large,  while 
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Ex  and  Ez  are  null.  It  is  worth  noting  that  the  value  of  Ey  at  the  pole  surface  is  equal  to  Ex,  at  the  pole  at  y  =  0,  as 
shown  in  fig.  2. 

At  a  few  meters  from  the  pole  Ey  has  the  same  value  at  x  =  0  and  at  x  =  5  m,  and  Ez  behaves  in  the  same  way.  It 
is  again  confirmed  that  at  this  distance  the  pole  effect  is  negligible. 

From  the  numerical  analysis  it  results  that  Ex  is  null  at  x  =  0,  as  expected  from  the  symmetry  of  the 
configuration,  and  quite  small  (only  few  volts  per  meter)  at  x  =  5  m  and  z  not  greater  than  2  m. 


Ey  [V/m]  Ey  [V/m] 


Fig.  3  Numerical  results  of  Ey  on  the  left  at  x  =  0,  z 
line);  on  the  right  at  x  =  5  m,  z  =  1  m  (continuous  line)  and 


:  1  m  (continuous  line)  and  at  x  =  0,  z  =  2  m  (dashed 
atx  =  5m,  z  =  2m  (dashed  line). 


E  [V/m] 

Z 


Fig.  4  Numerical  results  of  Ez  on  the  left  at  x  =  0,  z 
line);  on  the  right  atx  =  5m,  z=lm  (continuous  line)  an 


E  [V/m] 

Z 


:  1  m  (continuous  line)  and  at  x  =  0,  z  =  2  m  (dashed 
atx  =  5m,  z  =  2  m  (dashed  line). 


A  third  analysis  was  done  on  the  magnitude  and  on  the  direction  of  E  at  its  maximum  and  minimum,  thus 
identifying  the  axes  of  the  ellipsis  drawn  by  the  field.  The  direction  can  be  indicated  by  means  of  the  angles  of 
the  vector  of  the  field  with  the  three  coordinate  axes.  As  an  example,  in  the  plane  z  =  2  m  and  on 
x  =  0,  0.5,  1  and  5  m,  the  magnitude  of  the  field  vector  and  its  minor  angle  (0  +  90°)  with  the  vertical  axis  z,  as  a 
function  of  y  up  to  10  m,  are  reported  in  fig.  5,  on  the  left  and  on  the  right  respectively. 

About  the  angle  with  the  z  direction,  at  x  =  0,  it  is  noticed  that  on  the  pole  surface  only  a  field  at  90°  with  z  is 
allowed,  while,  increasing  the  distance  from  the  pole,  the  angle  is  reduced  to  20°  at  y  =  2  m,  is  almost  null  at 
y  =  5  m,  and  is  about  only  10°  for  greater  distances.  Near  y  =  0,  at  x  =  0.5  m  the  influence  of  the  pole  gives  still  a 
deviation  of  about  70°  from  the  perpendicular,  while  at  x  =  1  m  the  angle  is  reduced  to  40°.  Finally,  for  x  =  5  m 
the  angle  with  the  z  direction  is  generally  equal  or  less  than  10°  for  any  y  up  to  10  m. 

It  is  interesting  to  note  that  also  the  data  reported  in  fig.  5  show  that  the  influence  of  the  pole  tends  to  vanish  at  a 
distance  of  a  few  meters,  in  agreement  with  the  observations  done  on  the  electric  field  components. 
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Fig.  5 


Numerical  results  of  Emax  and  the  angle  with  the  z  direction  versus  y  at  different  values  of  x. 


Experimental  results 

a)  Instrumentation  and  perturbation  error 

The  instrumentation  used  for  the  electric  field  measurement  consisted  in  a  PMM  EHP-50C  probe,  connected  via 
an  optical  fibre  to  a  PMM  8053  portable  field  meter. 

The  probe  is  approximately  a  cube  with  8  cm  side.  The  experimental  data  are  referred  to  the  barycentre  of  the 
probe:  therefore  with  the  probe  placed  on  the  ground,  the  z  quote  is  0.04  m. 

The  probe  was  taken  at  a  distance  of  at  least  five  meters  from  the  PMM  8053  and  the  operator.  The  PMM  8053 
unit  was  set  to  measure  electric  fields  in  the  frequency  range  6  500  Hz;  the  display  showed  the  rms  value  of  the 

total  electric  field,  together  with  the  rms  values  of  the  three  field  components  along  the  probe  axes.  The  system 
allows  the  analysis  resolved  in  frequency  of  the  measured  signal  and  the  measure  of  the  rms  value  of  the  electric 
field  at  a  specific  frequency  (among  those  allowed). 

For  the  measurements  at  different  heights,  the  probe  is  installed  on  an  insulating  rod  and  then  connected  to  a 
supporting  structure,  mainly  a  wooden  tripod  with  a  limited  metallic  parts,  e.g.  at  the  connection  between  the 
insulated  rod  and  the  wooden  tripod. 

The  effect  of  these  metallic  parts  on  the  measurements  was  investigated.  It  was  considered  that  if  a  local 
variation  was  due  to  these  metallic  parts  and  the  probe  was  near  to  them,  the  probe  should  have  measured  a 
distorted  electric  field,  so  affecting  the  data.  In  this  respect  a  few  measurements  have  been  taken  with  different 
distances  d  between  the  EHP-50C  probe  and  the  metallic  parts  of  the  tripod.  The  data  have  been  taken  under  a 
MV  power  line,  with  the  two  configurations  planned  for  the  experimental  campaign.  The  most  critical  was  the 
configuration  for  the  measurements  at  z  =  1  m,  where  d  might  be  taken  very  small.  At  z  =  1  m,  a  clear  variation 
on  the  measurements  have  been  obtained  with  d  set  at  a  few  centimetres,  while  the  effect  became  negligible 
when  d  was  kept  greater  than  about  0.3  m.  For  the  experimental  campaign  it  has  been  decided  to  keep  d  greater 
than  0.4  m,  for  the  measurements  taken  at  z  =  1  m.  For  the  measurements  at  z  =  2  m,  d  was  always  about  0.7  m. 

b)  System  description 

Fig.  6  shows  the  place  where  the  measurement  campaign  has  been  performed.  No  objects  of  any  kind  (trees, 
fences,  etc,)  are  present  at  a  distance  less  than  20  m  from  the  pole. 

Measurements  of  the  geometry  have  been  done  by  a  laser  meter  (Bosch,  mod.  DLE  150).  The  height  a  of  the 
pole  was  about  10.5  m;  the  spacing  of  the  overhead  wires  at  the  pole  were  in  good  agreement  with  the  b  and  e 
values  used  for  the  numerical  analysis.  The  pole  radius  was  about  0.15  m  at  the  ground  level,  and  was  reducing 
its  value  of  about  0.075  m  per  meter  of  increase  along  the  pole  height. 

Small  ground  irregularities  and  few  centimetres  of  grass  and  brushwood,  evenly  distributed,  have  given  local 
perturbations  to  the  electric  field  at  ground  level. 

On  the  side  where  the  measurements  have  been  done,  the  increase  of  the  ground  level  was  of  about  0.1  m  at  a 
distance  of  10  m  from  the  pole  under  the  overhead  wires.  By  using  a  rough  estimate  of  the  sag  in  the  midpoint  of 
the  span,  combined  with  the  catenary  curve,  at  10  m  from  the  pole  the  overhead  wires  lowering  was  estimated  to 
be  about  0.3  m. 

A  Cartesian  system  was  used,  the  same  indicated  in  fig.  1 . 
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Fig.  6  The  MV  power  line. 

During  the  experimental  campaign,  the  measurements  were  performed  with  the  PMM  EHP-50C  probe  at  three 
different  distances  from  the  ground:  0.04  m,  1  m  and  2  m  respectively.  Preliminary  measurements  have  been 
done  to  check  the  contribution  of  harmonics  to  the  electric  field.  As  they  have  shown  to  be  negligible,  the  data 
have  been  obtained  with  the  range  6  500  Hz  and  assumed  to  be  due  only  to  the  main  component,  at  50  Hz. 

The  measurements  have  been  performed  in  three  days  of  fine  and  dry  weather,  with  a  temperature  between  18°C 
and  24°C.  About  the  measurement  uncertainties,  from  the  certificate  of  calibration  of  the  instrument,  the 
expanded  uncertainty  [10]  at  50  Hz  is  3%  on  the  magnitude  of  the  electric  field  at  23±3°C.  Moreover  a 
temperature  effect  of  0.05  dB/°C,  obtained  from  the  probe  technical  data  sheets,  has  also  been  considered.  With 
a  temperature  between  18°C  and  24°C,  a  maximum  value  of  0.4  dB  has  been  considered  due  to  the  temperature 
effect.  Without  considering  further  components  of  uncertainties,  with  a  normal  distribution  for  the  uncertainty 
reported  on  the  certificate  of  calibration,  and  a  rectangular  distribution  for  the  temperature,  a  combined  standard 
uncertainty  has  been  calculated  and  a  coverage  factor  of  two  has  been  used  for  obtaining  the  expanded 
uncertainty  [10].  In  this  way  the  uncertainty  results  6%  of  the  total  electric  field  value. 

The  rms  value  of  the  line  voltage  was  20  kV. 

c)  Experimental  results  and  validation  of  the  numerical  analysis 
A  first  set  of  experimental  results  is  reported  in  fig.  7.  The  data  are  taken  at  y  =  0. 


[V/m]  [V/m]  E^  [V/m] 


x  [m]  x  [m]  x  [m] 


Fig.  7  Comparison  between  numerical  and  experimental  data.  Numerical  results  of  Ex  (left),  Ey  (centre), 
Ez  (right)  at  y  =  0,  z  =  1  m  (continuous  lines)  and  at  y  =  0,  z  =  2  m  (dashed  lines).  Experimental  data  of  Ex  (left), 
Ey  (centre),  Ez  (right)  at  y  =  0,  z  =  1  m  (full  squares)  and  at  y  =  0,  z  =2  m  (full  diamonds). 
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The  rms  values  of  Ex,  Ey  and  Ez  at  z  =  1  m  and  at  z  =  2  m  are  reported  respectively  on  the  left,  the  centre  and  the 
right  of  fig.  7 :  full  squares  show  the  experimental  data  at  z  =  I  m.  and  full  diamonds  show  the  experimental  data 
at  z  =  2  m.  For  comparison,  also  the  numerical  data  at  y  =  0  are  reported:  continuous  lines  show  the  numerical 
results  at  z  =  1  m,  dashed  lines  show  the  numerical  results  at  z  =  2  m.  The  numerical  data  are  those  already 
reported  in  fig.  2,  which  are  repeated  here  for  a  simpler  comparison  between  numerical  and  experimental  data. 

It  can  be  noticed  a  good  agreement  between  the  results  obtained  from  the  CSM  and  the  experimental  data. 
Moreover  the  lowering  of  the  overhead  wires,  combined  with  the  variation  of  the  ground  level,  agrees  with  the 
increase  in  the  experimental  data  of  Ey  and  Ez  at  distances  greater  than  about  4  m  from  the  pole. 


E  [V/m]  E  [V/m] 

y  y 


Fig.  8  Comparison  between  numerical  and  experimental  data.  Numerical  results  of  Ey  on  the  left  at  x  =  0, 
z  =  1  m  (continuous  line)  and  at  x  =  0,  z  =  2  m  (dashed  line),  on  the  right  at  x  =  5  m,  z  =  1  m  (continuous  line) 
and  at  x  =  5  m,  z  =  2m  (dashed  line).  Experimental  data  of  Ey  on  the  left  at  x  =  0,  z  =  1  m  (hill  squares)  and  at 
x  =  0,  z  =  2  m  (trill  diamonds),  on  the  right  at  x  =  5m,  z=lm  (full  squares)  and  at  x  =  5m,  z  =  2  m  (full 
diamonds). 


Ez  [V/m]  Ez  [V/m] 


y  [m] 


Y  [m] 


Fig.  9  Comparison  between  numerical  and  experimental  data.  Numerical  results  of  Ez  on  the  left  at  x  =  0, 
z  =  1  m  (continuous  line)  and  at  x  =  0,  z  =  2  m  (dashed  line),  on  the  right  at  x  =  5  m,  z  =  1  m  (continuous  line) 
and  at  x  =  5  m,  z  =  2m  (dashed  line).  Experimental  data  of  Ez  on  the  left  at  x  =  0,  z  =  1  m  (full  squares)  and  at 
x  =  0,  z  =  2  m  (full  diamonds),  on  the  right  atx  =  5  m,  z  =  1  m  (full  squares)  and  atx  =  5m,  z  =  2m  (full 
diamonds). 


A  second  analysis  has  been  performed  at  x  =  0  and  at  x  =  5  m.  The  rms  values  of  Ey  and  Ez  at  z  =  1  m  and  at 
z  =  2  m  are  reported  in  fig.  8  and  fig.  9  respectively,  showing  on  the  left  the  values  at  x  =  0  and  on  the  right  the 
values  at  x  =  5  m.  In  both  figures  numerical  and  experimental  data  are  reported:  continuous  lines  show  numerical 
results  at  z  =  1  m,  dashed  lines  show  numerical  results  at  z  =  2  m,  full  squares  show  experimental  data  at 
z  =  1  m,  and  finally  full  diamonds  show  experimental  data  at  z  =  2  m.  The  numerical  data  are  those  already 
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reported  in  fig.  3  and  fig.  4. 

Numerical  and  experimental  data  are  in  good  agreement,  with  in  general  a  difference  of  about  20%  for  Ez  and  a 
lower  difference  for  Ey.  Therefore  the  validation  of  the  numerical  analysis  previously  reported  has  been  obtained. 


Discussion 

The  analysis  performed  up  to  z  =  2  m,  has  shown  that  a  reinforced  concrete  pole  used  in  a  MV  power  line,  with  a 
pole-top-pin  construction,  and  with  a  height  of  10.5  m,  extends  its  effects  in  the  electric  field  configuration 
around  the  pole  up  to  a  few  meters. 

At  the  pole,  at  the  quote  z  =  2  m,  the  value  of  the  electric  field  normal  to  the  pole  equipotential  surface  is  higher 
than  the  value  of  its  main  component  at  the  midpoint  of  the  span.  This  result  appears  from  the  values  of  Ex,  Ey 
and  Ez  under  the  line  (y  =  0)  reported  in  fig.  7,  and  the  values  at  x  =  0  and  at  x  =  5  m  reported  in  fig.  8  and  fig.  9. 
Therefore,  the  usual  analysis  performed  at  the  midpoint  of  the  span  is  not  able  to  give  an  evaluation  of  the 
maximum  exposure  to  the  electric  field  with  a  MV  power  line  supported  by  reinforced  concrete  poles,  at  least 
with  reference  to  a  maximum  quote  of  z  =  2  m. 

Summary 

The  electric  field  due  to  a  MV  power  line  with  a  pole-top-pin  construction  has  been  analyzed  in  this  paper. 

A  numerical  analysis  has  been  performed,  based  on  an  electric  model  equivalent  to  the  configuration.  The 
numerical  results  have  been  validated  by  an  extensive  experimental  campaign  of  measurements,  performed  after 
checks  on  the  measurement  equipment,  in  order  to  minimize  the  perturbation  errors. 

At  z  =  2  m,  at  the  pole  surface,  the  maximum  rms  value  of  the  electric  field  has  been  obtained:  this  value  is 
greater  than  the  one  calculated  far  from  the  pole  at  the  midpoint  of  the  span. 
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Abstract 

In  this  paper  the  design,  realization  and  operative  ratings  of  a  new  simple  and  low  cost  magnetic  field 
measurement  equipment  in  the  frequency  range  from  10  Hz  to  400  kHz  are  reported.  The  design  specifications 
of  this  device  have  been  chosen  following  the  indications  given  for  the  magnetic  field  reference  sensor  in 
Standard  EN  50366,  concerning  emissions  of  household  and  similar  electrical  appliances  with  reference  to 
human  exposure  to  electromagnetic  fields.  The  developed  equipment  consists  of  three  mutually  perpendicular 
concentric  coils,  each  one  of  two  turns,  for  magnetic  field  analysis  up  to  400  kHz.  By  using  operational 
amplifiers,  an  electronic  elaboration  of  the  coil  signals  has  been  done  and  is  described.  The  characterization  of 
the  equipment  has  been  performed  by  using  a  laboratory  set-up,  where  the  test  magnetic  field  configuration  has 
been  obtained  with  a  single  layer  solenoid  in  house  developed. 

Introduction 

Quantitative  determinations  of  the  magnetic  field  emissions  from  equipments  in  the  Extremely  Low  Frequency 
(ELF)  range  have  been  performed  and  reported  [1,  2].  The  analysis  of  electric  appliances,  relevant  to  the 
evaluation  of  the  human  exposure  to  electromagnetic  fields,  is  in  particular  required  by  Standard  EN  50366,  that 
in  general  considers  for  the  magnetic  fields  a  frequency  range  from  10  Hz  to  400  kHz  [3]. 

Purpose  of  this  work  is  to  develop  a  new  simple  and  low  cost  instrument  able  to  measure  the  magnetic  field  in 
the  above  mentioned  frequency  range. 

The  paper  is  divided  in  two  main  sections.  In  the  first  part,  the  design  and  realization  of  the  measurement 
equipment  are  reported.  In  the  second  section,  the  laboratory  set-up  used  for  the  characterization  of  the  system  is 
depicted,  and  the  obtained  operative  ratings  of  the  developed  device  are  reported. 

Finally,  in  the  summary,  the  conclusive  remarks  are  given. 

Design  and  realization  of  the  measurement  equipment 

a)  Coils 

For  the  measurement  of  the  magnetic  flux  density,  Standard  EN  50366  indicates  a  reference  sensor  that  consists 
of  three  mutually  perpendicular  concentric  coils,  with  a  total  measuring  area  for  each  coil  of  100  ±  5  cm2.  The 
outside  diameter  of  the  reference  sensor  must  be  lower  than  13  cm. 

Following  the  specifications  given  in  Standard  EN  50366  for  the  magnetic  field  reference  sensor,  a  simple  and 
low  cost  probe  has  been  developed. 

It  consists  of  three  mutually  perpendicular  concentric  coils.  Three  two  turns  coils  have  been  built  by  using  a 
transformer  wire  with  a  cross-section  area  of  0.3  mm2.  Two  of  the  three  coils  are  almost  rectangular  in  shape, 
with  dimensions  for  each  turn  of  65  mm  x  76  mm  and  64  mm  x  78  mm  respectively;  the  third  coil  has  a  circular 
cross  section,  with  diameter  of  each  turn  of  79  mm.  In  such  a  way  a  measuring  area  of  about  100  cm"  is  obtained 
for  each  coil. 

For  supporting  the  three  mutually  perpendicular  coils  a  PVC  cylindrical  structure  has  been  built,  68  mm  height 
and  80  mm  diameter,  on  which  three  grooves  have  been  drawn  for  placing  the  coils.  Each  coil  ends  with  a 
twisted  pair  0.6  m  long. 

The  cylindrical  PVC  structure  is  mounted  on  a  PVC  base. 

For  the  wires  a  fixing  structure  has  been  set,  in  order  to  make  the  system  stable  during  operation. 

In  fig.  1  a  picture  of  the  three  coils  probe  is  shown. 
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Fig.  1  Picture  of  the  three-coils  probe 


b)  Equivalent  electrical  parameters  for  a  coil 

The  frequency  range  of  interest  for  the  system  is  the  one  indicated  in  the  Standard  EN  50366,  i.e.  from  10  Hz  to 
400  kHz.  Related  to  it,  an  electrical  analysis  of  each  coil  has  been  performed. 

The  length  of  the  wires  of  the  three  coils  is  almost  equal  for  all  of  them;  so  their  electric  resistance  R  can  be 
considered  the  same,  and  it  is  about  0.12  £2  in  DC.  When  the  frequency /increases,  the  resistance  increases  due 
to  the  skin  effect.  The  parameter  involved  is  the  penetration  depth  8  that  is: 


5  = 


(1) 


with  the  permeability  of  free  space  p0  =  4  n  10'7  H/m  and  the  conductivity  of  the  copper  a  =  5.8  107  S/m.  At 
400  kHz,  8  is  about  0.1  mm,  and  assuming  a  current  evenly  distributed  near  the  surface  on  a  depth  equal  to  8,  it 
results  an  estimated  value  for  R  of  0.22  £2,  in  agreement  with  the  value  obtained  by  an  LCR  meter  (Agilent 
4285A)  that  has  been  of  about  0.25  £2  at  400  kHz. 

As  far  as  the  calculation  of  the  inductance  L  is  concerned,  being  the  coils  made  up  of  only  two  turns,  the  concept 
of  total  inductance  Lt ot  of  a  circuit  split  in  two  parts  has  been  used: 


Ltot  —  Li  +  L2  +  2M  (2) 

where  L\  =  L2  =  L  is  the  self  inductance  of  one  turn  and  M  is  the  mutual  inductance  between  the  two  turns.  For 
the  evaluation  of  L  and  M,  the  two  rectangular  coils  have  been  approximated  with  a  square  one  (side  length 
71  mm);  according  to  [4],  the  corresponding  value  of  Got  is  1  pH  when  the  current  is  evenly  distributed  inside 
the  coil  conductor.  Increasing  the  frequency,  a  correction  due  to  the  skin  effect  could  be  introduced  as  the  current 
tends  to  concentrate  on  the  outer  part  of  the  conductor,  but  is  quite  small  and  can  be  neglected:  in  fact,  with  the 
current  concentrated  on  the  conductor  surface,  the  inductance  decreases  down  to  0.97  pH.  In  a  similar  way,  for 
the  circular  coil,  a  value  of  0.92  pH  for  the  current  evenly  distributed  and  0.90  pH  for  the  current  concentrated  in 
the  outer  part  of  the  conductor  have  been  estimated.  Finally,  an  additional  term  of  about  0.15  pH,  due  to  the 
length  of  the  twisted  pair  connection,  must  be  added  to  the  previous  values.  By  using  an  LCR  meter  (Agilent 
4285A)  a  value  of  about  1 .2  pH  for  L  was  measured  for  the  three  coils  (with  their  connections)  up  to  a  few  MHz, 
in  good  agreement  with  the  estimation  above  reported. 

A  coil,  without  load,  has  an  output  voltage  v0(t)  equal  to: 

v0(0  =  -^  =  -4  \m>ndA  =  -Ap^B±av(t)  (3) 

at  at  J  ^  at 


where  Ap  is  the  coil  area  and  B  av  is  the  average  value  on  Ap  of  the  component  of  B  perpendicular  to  the  coil 
area. 

In  the  frequency  range  from  10  Hz  to  400  kHz,  an  equivalent  electrical  scheme  of  the  probe,  shown  in  fig.  2,  is 
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therefore  given  by  an  ideal  voltage  source  in  series  with  a  resistance  R  and  an  inductance  Z,  with  R  and  L  above 
reported;  with  Vi(t)  it  has  been  indicated  the  coil  output  voltage. 


Fig.2  Equivalent  electrical  parameter  for  a  coil. 

Finally,  in  the  frequency  domain,  by  using  phasors,  (3)  becomes: 

V0  =  -jojApBlav  (4) 

where  co  =  2n fij  is  the  imaginary  unit,  and  V0  and  B±av  are  the  phasors  ofv0(t)  and5j^av(t)  respectively, 
c)  Electronics 

An  integration  of  the  coil  output  signal  is  required  in  order  to  obtain  the  value  of  B  Lav ,  as  derives  from  (3). 
Therefore  the  electronic  circuit  is  basically  an  integrator,  combined  with  a  low  pass  filter,  as  schematically 
indicated  in  fig.  3. 


v  ,(t) 

- ► 


integrator 


v2(t) 

- ► 


low  pass 

filter 


v3(t) 

- ► 


Fig. 3  Schematic  of  the  electronic  circuit. 


Fig. 4  The  integrator. 

For  the  integrator,  the  basic  circuit  is  the  one  commonly  used  for  magnetic  field  coil,  depicted  in  [5].  The 
detailed  circuit  is  reported  in  fig.  4.  An  OP-27G  has  been  used  as  operational  amplifier.  In  the  input,  zener  diodes 
and  1N4148  diodes  are  placed  for  protection.  The  input  of  the  integrator  has  two  resistances  {R{)  each  one  of 
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1.5  kO:  when  the  coil  is  connected  to  the  integrator,  it  results  that  the  resistance  R  and  the  inductance  L, 
equivalent  of  the  coil,  are  in  series  with  Ri,  and,  on  considering  their  values  and  the  frequency  range  of  interest, 
R  and  L  can  be  neglected  in  the  analysis.  Therefore,  in  the  frequency  domain  and  using  (4)  it  results  that: 

V\  —  Vq  —  -ja>ApBj_av  (5) 

In  the  frequency  domain,  with  U  phasor  of  the  integrator  output  voltage,  the  transfer  function  Ai(jco)  of  the 
integrator  is: 


A  i  (jco)  = 


*2 

Vi 


7?2  1 

1  +  j  coCR-2 


(6) 


with  R\,  R2,  and  C  indicated  in  fig.  4.  The  DC  gain  of  the  integrator  is  80dB  (i.e.  10000),  and  a  pole  is  set  at 
10  Hz. 

An  active  filter  has  been  placed  after  the  integrator:  it  is  a  second  order  Butterworth  low-pass  filter  [6].  In  the 
frequency  domain,  with  Vj  phasor  of  the  low-pass  filter  output  voltage,  the  transfer  function  A2(jco)  of  this  filter 
is: 


F,  1 

A2(jco)  =  ^-  =  K] - -  (7) 

F2  1  +  ja)R3  C3  (3  -  ^ -  (coR3  C3  )2 


C  :  has  been  set  at  1  nF,  R3  at  390  Q,  and  therefore  the  cutoff  frequency  has  been  set  at  400  kHz,  in  order  to  filter 
the  noise  at  frequencies  higher  than  those  of  interest.  The  DC  gain  K,  is  equal  to  4dB,  i.e.  1.586. 


A  IdBl 


Fig. 5  Bode  diagram  of  the  amplitude  of  Av(j®)- 

Combining  the  two  electronic  stages,  a  voltage  transfer  function  in  the  frequency  domain  AV(J0))  results,  that  is 
given  by  the  product  of  (6),  and  (7): 


AvO'co)  =  A  |  (jco)  A2(jco) 


U 


(8) 


The  Bode  diagram  of  the  amplitude  of  Av(jco)  is  reported  in  fig.  5. 

In  the  frequency  range  from  10  Hz  to  400  kHz,  the  amplitude  of  the  voltage  transfer  function  of  the  electronics 
has  a  slope  of-20dB/decade,  from  84dB  at  10  Hz  down  to  -8dB  at  400  kHz. 

d)  Coil  function  transfer 

Considering  the  coil,  from  (5)  and  (8),  the  function  transfer  H(jco)  of  the  system  results: 

V't  V]  l\ 

/A (jo)  =  -= - =  -= - -=-  =  -j(oAp  Av  (jco)  (9) 

B± av  "lav  V\ 


The  coil  therefore  adds  a  zero  to  the  transfer  function  Av(jo)),  resulting  a  Bode  diagram  of  the  amplitude  of 
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H(jco)  that  has  been  reported  in  fig.  6. 


H  IdBl  ' 

80 

20dB/decade 

V 

-40dB/decade 

i 

i 

i 

I  10 

5 

4  10 

w 

f  [Hz] 

Fig. 6  Bode  diagram  of  the  amplitude  of  the  function  transfer  of  the  system  H(jco). 

Therefore,  in  the  frequency  range  from  10  Hz  to  400  kHz,  the  integrator  stage  and  the  coil  (that  makes  the 
derivative  of  Blav)  give  an  output  voltage  proportional  to  Blav ;  a  constant  gain  of  80dB  (i.e.  10000)  results, 
i.e.  at  100  pT  of  average  perpendicular  magnetic  flux  density  corresponds  an  output  voltage  of  1  V.  Frequency 
components  out  of  the  considered  frequency  range  are  filtered. 

As  the  output  voltage  can  vary  from  ±  10  V,  a  maximum  rating  of  1  mT  results.  It  must  be  noticed  that,  due  to 
the  slew  rate  (typically  of  2.8  V/ps)  of  the  OP-27G  that  has  been  used  in  all  the  electronic  stages  [7],  a  distortion 
of  the  signal  occurs  with  the  maximum  output  signal  at  the  highest  frequencies  of  the  considered  frequency 
range. 

Characterization  of  the  measurement  equipment 

An  experimental  laboratory  set-up  has  been  performed  for  the  characterization  of  the  measurement  equipment.  It 
consisted  of  a  large  solenoid,  inside  which  the  three  coils  have  been  placed  during  the  tests. 

a)  Test  solenoid 

A  single  layer  cylindrical  solenoid,  with  the  characteristics  given  in  Table  I,  has  been  realized.  The  solenoid  ends 
with  a  twisted  pair  4.5  m  long.  The  solenoid  has  been  built  on  a  polypropylene  tube,  5  mm  thick  and  with 
nominal  minor  diameter  of  305  mm.  The  turns  have  been  realized  by  using  a  conductor  with  a  section  of 
2.5  mm2. 


Table  I.  Construction  data  of  the  test  solenoid. 


Number  of  turns 

N 

187 

Internal  diameter 

0.305  m 

Length 

a 

0.67  m 

Section  of  the  conductor 

Scond 

2.5  mm2 

Diameter  of  the  conductor 
(including  insulation) 

d^cond 

3.6  mm 

Two  LCR  meters  (a  Metrix  IX  3131  at  120  Hz  and  1  kHz,  and  an  Agilent  4285A  from  75  kHz  up  to  30  MHz) 
were  used  for  evaluating  the  parameters  of  the  solenoid.  The  equivalent  circuit  consisted  of  a  capacitance  C  in 
parallel  to  the  series  of  a  resistance  R  and  an  inductance  L. 


Table  II.  Electrical  parameters  of  the  test  solenoid. 


Inductance 

L 

4.3  mH 

Capacitance 

C 

220  pF 

Resistance  (DC) 

R 

1.6  0 

The  parameters  found  for  the  solenoid  are  reported  in  Table  II;  L  and  C  values  hold  up  to  a  few  MHz.  With 
reference  to  the  measured  inductance  value,  it  is  well  in  agreement  with  the  one  estimated  from  the  geometry:  in 
fact,  the  short  solenoid  approximation  gives  for  L  an  estimated  value  of  4.1  mH.  From  the  short  solenoid 
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approximation  also  results  that  the  calculated  magnetic  flux  density  in  the  centre  of  the  solenoid  is  316  pT 
(directed  along  the  axis  of  the  cylinder)  for  1  A  of  current  in  the  solenoid  turns. 

A  check  of  this  value  has  been  performed  by  measuring  the  current  in  the  solenoid  turns  with  a  LEM  PR50  (DC- 
50  MHz  bandwidth)  current  probe  and  the  magnetic  flux  density  with  a  PMM  EHP-50C  (DC-lOOkHz 
bandwidth)  probe  connected  via  an  optical  fibre  to  a  PMM  8053  portable  field  meter.  Tests  have  been  performed 
at  50  Hz,  100  Hz,  1  kHz,  and  10  kHz,  and  the  magnetic  flux  density  directed  along  the  axis  of  the  cylinder  was 
between  330  and  340  pT  for  1  A  of  current  in  the  solenoid  turns.  This  values  are  in  good  agreement  with  the 
estimated  one. 

b)  Test  circuit 

Two  power  supplies  have  been  used  for  the  solenoid:  a  Kepco  BOP-100-4D  and  an  Agilent  33120A  function 
generator.  The  output  signal  from  the  electronic  circuit  has  been  acquired  by  a  Yogokawa  DL1540L  digital 
oscilloscope.  The  block  scheme  of  the  test  circuit  is  shown  in  fig.  7. 


Fig. 7  Block  scheme  of  the  test  circuit  for  the  probe  characterization 

The  probe  has  been  placed  in  the  centre  of  the  solenoid,  with  the  coil  under  test  with  the  area  perpendicular  to 
the  solenoid  axis.  The  solenoid  has  been  connected  to  the  Kepco  BOP-100-4D  power  supply,  driven  by  the 
Agilent  33120A  function  generator. 

c)  System  ratings 

An  offset  was  present  at  the  output  of  the  electronics,  and  was  eliminated  by  selecting  the  AC  signal  input 
coupling  of  the  oscilloscope:  a  less  than  10  Hz  cutoff  frequency  is  introduced  in  this  way. 

An  output  voltage  noise  of  about  ±  2  mV  has  been  measured,  that  is  0.02%  of  the  output  maximum  voltage. 


L _ i _ " _ i _ i _ " _ 3 

0  0.5  1  1.5  2 

Time  [s] 


Fig. 8  Test  at  1  kHz:  (1)  electronics  output  voltage  vTt)  and  (2)  solenoid  turns  current  (1  V  corresponds  to 

1  A). 

By  using  the  test  circuit  previously  described,  tests  have  been  performed  at  10  Hz,  1  kHz,  10  kHz  and  100  kHz. 
At  10  Hz  and  1  kHz,  the  maximum  of  the  magnetic  flux  density  was  1  mT  (i.e.  707  liT  rms  value),  obtained  with 
a  maximum  current  in  the  solenoid  turns  of  3  A  (i.e.  2.12  A  rms  value);  the  electronics  output  voltage  V3(t)  was 
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measured  and  the  rms  value  is  reported  in  Table  III.  As  an  example,  at  1  kHz,  in  fig.  8,  the  electronics  output 
voltage  v3(t)  and  the  solenoid  turns  current  (1  V  corresponds  to  1  A)  are  reported,  indicated  with  (1)  and  (2) 
respectively. 

The  test  circuit  could  not  test  the  system  at  the  maximum  ratings  at  10  kHz  and  100  kHz,  and  therefore  at  these 
frequencies  the  tests  have  been  performed  at  the  reduced  ratings  shown  in  Table  III.  The  solenoid  turns  current 
has  been  measured  directly  at  the  output  of  the  solenoid,  in  order  to  avoid  the  capacitance  effect  of  the 
connections. 

The  results  are  in  good  agreement  with  the  design  ratings. 


Table  III.  System  ratings 


Frequency  [kHz] 

B [pT] rms 

1  [A]  rms 

V,  [VI  rms 

0.01 

707 

2.12 

5.00 

1 

707 

2.12 

7.07 

10 

70.7 

0.212 

0.723 

100 

1.5 

0.0045 

0.015 

c)  Analysis  at  400  kHz 

At  400  kHz  the  analysis  has  been  performed  by  using  a  simple  equivalent  model  of  the  system. 

The  power  supply  has  been  modelled  with  an  ideal  voltage  source,  and  the  solenoid  has  been  considered  an  ideal 
inductor  (with  L  =  4.3  mH),  magnetically  coupled  with  the  coil.  The  ratio  between  the  ideal  voltage  source  and 
the  coil  output  voltage  results  of  about  1300. 

For  the  test,  the  Agilent  33120A  function  generator  has  been  used  as  solenoid  power  supply.  Its  50  Q  equivalent 
output  resistance  is  in  effect  negligible  compared  with  the  equivalent  impedance  of  the  test  solenoid  at  400  kHz. 
With  a  7  V  rms  value  of  power  supply  voltage  and  the  test  circuit  of  fig.  7,  the  electronics  output  voltage  was 
about  2  mV  rms  value.  This  value  is  in  agreement  with  the  value  expected  from  the  system,  even  if  it  is  close  to 
the  noise  of  the  electronics  output  voltage. 

Summary 

A  new  simple  and  low  cost  magnetic  field  measurement  equipment  in  the  frequency  range  from  10  Hz  to 
400  kHz  has  been  developed. 

The  design  and  realization  of  the  equipment  has  been  reported.  The  function  transfer  of  the  system  has  a  constant 
80dB  gain  in  the  above  mentioned  frequency  range. 

The  characterization  of  the  system  has  been  performed  at  maximum  ratings  from  10  Hz  up  to  a  few  kHz.  At  the 
higher  frequencies,  the  characterization  has  been  performed  only  at  small  signals. 

The  results  are  all  well  in  agreement  with  the  design  ratings. 
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Abstract 

The  rapid  expansion  of  mobile  communication  has  generated  intense  interest,  but  has  also  fuelled  ongoing 
concerns.  Radiofrequency  radiations  are  suspected  to  affect  cognitive  functions  in  both  humans  and  animals. 
Previous  studies  have  suggested  that  biological  parameters  of  central  nervous  system  can  be  impaired  by  “Global 
System  for  Mobile  Communication”  (GSM)  exposure  in  animals. 

In  this  study,  the  effect  of  GSM  radiation  on  kindled  seizures  (as  an  index  of  neural  excitability)  was 
investigated.  All  the  animals  were  implanted  with  a  tripolar  (stimulating  and  recording)  electrode  in  the 
amygdala  and  were  kindled  by  daily  electrical  stimulating  of  amygdala.  Different  groups  of  full  kindled  rats 
exposed  by  radiofrequency  fields  emitted  from  GSM  (950  MHz,  Band  with:  200  kHz,  pulsed  at  217  Hz)  mobile 
phone  simulator  (output  power  of  antenna:  3  and  5  W,  power  density:  1.8  mW/cm2)  for  2  and/or  4  hours  and  at 
different  times  after  the  last  kindling  seizure  (24,  48  and  72  h)  and  their  seizure  parameters  (afterdischarge 
duration,  latency  to  stage  4  seizure,  stage  5  seizure  duration  and  seizure  stage)  were  measured  immediately  after 
radiation.  The  exposed  rats  were  compared  to  those  of  sham-exposed  and  cage-control  rats.  There  was  no 
difference  between  exposed,  sham,  and  cage-control  rats.  Therefore,  the  data  indicates  that  GSM  radiation  with 
the  mentioned  parameters  had  no  effect  on  seizure  severity  in  kindling  model  of  epilepsy. 

Keywords:  GSM,  mobile  phone,  neural  excitability,  seizure,  kindling 
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Introduction 

The  increasing  use  of  mobile  communication  has  raised  serious  concerns  among  people  and  governments 
about  possible  health  hazard  effects.  Radiofrequency  waves  emitted  by  GSM  mobile  phones  have  a  frequency 
band  between  890  MHz  and  960  MHz.  Mobile  phones  in  operation  emit  a  pulsed  radiofrequency 
electromagnetic  field  (EMF),  a  large  part  of  which  is  absorbed  into  the  user’s  head  [1].  Some  EEG  and  ECG 
studies  have  reported  that  GSM-EMF  affects  brain  electrical  activity  [2,  3,  4,  5,  6,  7,  8],  specially  during 
cognitive  performance  [9,  10].  Also  other  investigators  that  have  worked  on  this  issue  believe  that  mobile  phones 
exposure  modifies  biological  parameters  of  excitable  tissues  and  disturbs  performance  of  neural  systems  [11,  12, 
13,  14,  15,  16,  17].  In  a  recent  study  it  has  been  suggested  that  the  EMF  emitted  by  a  commercial  GSM  mobile 
phone  affects  regional  cerebral  blood  flow  (rCBF)  in  human  [18]. 

On  the  contrary,  some  of  the  studies  have  revealed  that  mobile  phones  EMF  have  no  significant  effects  on 
human  health  (19,  20,  21,  22,  23).  These  results  have  remained  controversial  yet.  In  this  study  we  tried  to 
investigate  the  effect  of  GSM  EMF  on  neural  excitability.  Using  kindling  model  of  epilepsy,  we  created  seizure 
conditions  in  rats.  In  this  situation  the  excitability  of  the  CNS  was  high  enough  to  study  if  the  GSM  field  had  any 
effects  on  this  excitability.  Chronic  exposure  of  kindled  rats  by  magnetic  field  (50  Hz,  100  micro  tesla)  exerts 
weak  inhibitory  effects  on  some  seizure  parameters  [24].  However  there  is  no  report  concerning  effect  of  mobile 
phone  (GSM-900)  field  on  neural  excitability  in  kindling  model  of  epilepsy. 

Materials  and  Methods 

Surgical  and  kindling  procedure 

Male  Sprague-Dawley  rats  weighing  330-360  g,  under  ketamin  and  rampoune  anaesthesia  (50  mg/kg)  were 
stereotaxically  implanted  with  bipolar  stimulating  and  monopolar  recording  electrodes  (twisted  into  a  tripolar 
configuration)  terminating  in  the  basolateral  amygdala  of  the  right  hemisphere  (coordinates:  A,  2.5  mm;  L,  4.8 
mm  and  7.5  mm  below  dura).  Electrodes  (stainless  steel.  Teflon  coated,  A-M  Systems,  Inc.,  USA)  were 
insulated  except  at  their  tips.  Two  other  electrodes  were  connected  to  skull  screws,  placed  above  the  left  cortical 
surface,  as  earth  and  differential  electrodes.  One  week  after  surgery,  afterdischarge  (AD)  threshold  was 
determined  in  the  amygdala  by  a  2  s.,  60  Hz  monophasic  square  wave  stimulus  of  1  ms  per  wave.  The 
stimulations  were  initially  delivered  at  10'“'*  and  then  at  5  min  intervals  increasing  stimulus  intensity  in 
increments  of  10  ■“*  until  at  least  5s  of  AD  were  recorded  as  previously  described  [25].  Then,  animals  were 
stimulated  daily  at  the  AD  threshold  intensity  until  five  consecutive  stage  5  seizures  (according  to  Racine,  1972) 
were  elicited  [26].  The  recorded  parameters  were:  a)  seizure  stage  (SS)  which  was  measured  by  observing  the 
behaviour  of  the  animal;  b)  AD  duration  (ADD)  which  was  measured  from  starting  of  stimulation  to  the  end  of 
AD  recording;  c)  the  latency  to  the  onset  of  bilateral  forelimb  clonus  (S4L)  which  was  measured  from  starting  of 
stimulation  to  starting  of  stage  4  seizure;  d)  the  duration  of  stage  5  seizure  (S5D)  which  was  started  with  loss  of 
balance  and  stopped  after  acquisition  of  balance;  and  e)  seizure  duration  (SD)  which  was  measured  from  starting 
of  stimulation  to  the  end  of  seizure  behaviours. 

Radiation  procedure 

The  EMF  was  provided  by  a  GSM  simulator  in  two  level  3  and  5  mean  power.  When  the  GSM  system  was 
on,  the  antenna  emitted  a  950  MHz  EMF  with  mean  field  strength  1.8  mW/cm2  pulsed  at  a  frequency  of  217  Hz 
with  a  pulse  width  of  0.577  ms.  According  to  the  measurements  that  achieved  by  Iranian  atomic  energy 
organization  experts,  field  strength  was  1.78  m  mW/cm2  and  1.82  mW/cm2  for  3  w  and  5  w  mean  power  of 
antenna,  respectively.  Thus  mean  field  strength  of  this  EMF  is  double  of  workers  permissible  limits  [27]. 

Exposure  chamber  that  we  employed  for  radiation  procedure  was  a  cylindrical  shape  with  30  cm  height  and 
30  cm  diameter  of  base  circle.  It  was  made  of  special  hard  transparent  PVC.  The  Simulator  antenna  with  15  cm 
height  was  placed  in  the  centre  of  base  circle  (Fig.  1). 

Exposure  chamber  was  placed  in  a  greater  space  (we  call  it  radiation  box)  with  dimensions  of  1.1 
mxl.lmxl.lm.  For  protection  intentions  the  external  sidewalls  of  the  box  covered  with  aluminium  sheets.  Long 
time  EMF  radiation  generates  hot  and  cavity  spots  throughout  the  radiation  space.  Hot  spot  have  high  density  of 
field  lines  and  energy  and  cavity  spots  have  no  field  lines  or  energy.  Avoiding  to  this  phenomena  and  creation  a 
uniform  RF  field  around  the  chamber,  we  used  conical  shape  absorbers  that  were  made  of  graphite  dyed  spongy 
matters  in  internal  sidewall  of  the  radiation  box.  Fig.  2  shows  these  electromagnetic  absorbers  dimensions. 
Reflection  Coefficient  for  these  electromagnetic  absorbers  in  950  MHz  is  -40  dB  approximately  [28].  Obviously, 
in  this  condition  we  would  have  a  uniform  field  throughout  the  exposure  chamber.  Fig.  3  shows  a  rat  in  near 
field  of  the  antenna  within  the  exposure  chamber  and  radiation  box,  respectively.  During  radiation,  for 
eliminating  the  external  stress,  animal  was  released  in  the  chamber.  So  average  distance  from  antenna  was  10  cm 
that  is  equal  with  near  field  of  GSM  antenna  [29].  Mean  field  strength  was  measured  in  this  distance. 
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Fig.  1.  The  exposure  chamber  and  the  position  of  the  antenna. 


Fig.  2.  Electromagnetic  absorbers 


Fig.  3.  A  rat  is  released  in  near  field  of  the  antenna  within  the  exposure  chamber.  The  black  shapes  are 
electromagnetic  absorbers  in  internal  sidewall  of  the  radiation  box. 
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We  only  considered  non-permanently  effects  of  GSM  exposure  on  kindling  parameters.  In  this  way,  we  used 
four  radiation  paradigm  and  a  different  group  of  full-kindled  animals  (n=6)  were  employed  in  each  experiment. 
The  results  were  expressed  as  the  mean  ±  S.E.M.  for  each  test  groups.  The  comparison  between  last  fully 
kindling  (control)  values  and  sham  exposure  or  GSM  radiation  values  was  done  by  paired  t-test.  A  P-value  of 
less  than  0.05  was  considered  to  represent  a  significant  difference. 

Results 

The  assessment  of  probable  effect  of  radiation  chamber  and  its  dark  environment  on  seizure  severity  was  an 
essential  note  for  research  accuracy.  Therefore,  24  h  after  the  last  kindling  seizure,  rats  were  affected  by  muted 
GSM  generator  (sham  exposure)  for  2  hours.  This  work  was  repeated  at  48  and  72  h  after  full  kindling  creation 
for  each  subject,  similarly.  Immediately  after  each  radiation  animals  were  stimulated  and  their  seizure 
parameters  were  measured  and  were  compared  with  the  last  kindling  or  control  values.  Obtained  results  showed 
no  significant  differences  between  data  (Table  1). 

The  above  method  was  performed  similarly,  except  that  GSM  exposure  had  a  mean  power  of  3  watt  and 
field  strength  of  1.78  mW/cm2  (experiment  2)  or  a  mean  power  of  5  watt  and  field  strength  of  1.82  mW/cm2 
(experiment  3).  Statistical  analysis  showed  no  significant  affect  of  GSM  on  seizure  parameters  (Tables  2,  3).  In 
experiment  4,  at  24  h  after  the  last  kindling  seizure  animals  affected  by  GSM  generator  with  a  mean  power  of  5 
watt  and  field  strength  of  1.82  mW/cm2  for  4  hours  and  seizure  parameters  were  measured  immediately  after 
radiation.  Again,  no  significant  difference  was  observed  in  compared  to  pre-exposure  data  (Table  4). 

Discussion  and  Conclusion 

In  this  study  we  found  that,  a  GSM  simulator  with  field  strength  of  1.8  mW/cm2  and  mean  power  of  3  and  5 
watt  doesn’t  create  any  considerable  effect  on  amygdala  kindled  seizure  parameters  and  there  is  no  evidence  for 
predicting  reduction  or  increasing  in  neural  excitability.  Radiation  time  for  2  and  4  hours  had  no  sensible  or 
measurable  effects  too.  Therefore  these  results  confirm  that  radiation  time  and  mean  power  of  GSM  antenna 
have  no  essential  effects  on  seizure  parameters  in  kindling  model  of  epilepsy.  This  conclusion  is  in  adjusted  with 
several  studies  that  have  indicated  mobile  phone  and  radiofrequency  fields  have  no  effect  on  neural  excitability 
[21,  22,  30,  31].  It  is  specially  in  adjusted  with  a  coincident  study  that  has  showed  a  900  MHz  exposure  with 
SAR  of  0.25,  1,  2,  4  W/kg,  has  no  effect  on  hippocampus  parameters  of  free  rats  in  cage  [32]. 

However,  this  study  doesn’t  confirm  EMF  field  effects  on  epileptiform  activity  induced  by  amino  pyridine 
in  hippocampal  slices  [33,  34].  Additionally,  according  to  this  study,  GSM  EMF  field,  hadn’t  any  inhibitory 
effects  on  seizure  parameters  in  kindling  model  of  epilepsy  such  as  low  frequency  magnetic  field  [24,  35]. 

Also  these  results  are  differing  with  another  research  that  has  investigated  effects  of  GSM-900  field  (SAR 
less  than  2  W/kg)  on  neural  lesion  possibility  in  rats  [36]. 

Compatibility,  some  studies  have  suggested  that  GSM  field  couldn’t  change  EEG  parameters  (that  shows 
normal  function  of  neural  activity)  in  volunteers.  Therefore  GSM  mobile  phones  exposure  (according  to  this 
study  conditions)  couldn’t  modify  seizure  parameters  in  an  excited  neural  system  and  have  no  significant  effects 
on  seizure  biological  parameters  in  kindling  model  of  epilepsy.  Obviously,  this  conclusion  is  exceptionally 
fastened  to  above  conditions,  experimental  setup  and  methodologies. 
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Table  1,  Effect  of  sham  exposure  of  animals  in  radiation  box  on  seizure  parameters 


Control 

24  h 

48  h 

72  h 

S4L 

24.68  ±2.86 

25.36±2.57 

23.50±1.80 

24.55±2.35 

S5D 

45.57±3.20 

43.74±4.80 

46.25±3.64 

44.63±5.43 

ADD 

86.29±9.16 

89.82±6.86 

83.52±8.52 

88.40±6.65 

SD 

103.00±7.78 

100.5±2.57 

104.0±7.60 

99.60±8.46 

Animals  were  exposed  at  24,  48  and  72  h  after  the  last  kindling  seizure  and  their  parameters  were  compared  with  pre-exposure 
(control)  values.  Mean  power  and  sham  radiation  time  were  0  watt  and  2  hours,  respectively.  Values  (s)  are  mean±SEM.  No 
significant  difference  was  observed  with  compared  to  control  data. 
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Table  2.  Effect  of  GSM  (3  watt,  2  h)  exposure  of  animals  on  seizure  parameters 


Control 

24  h 

48  h 

72  h 

S4L 

16.66±  3.46 

15.90±3.05 

16.10±3.33 

14.53±3.93 

S5D 

33.41±3.15 

34.02±3.55 

30.58±3.63 

35.70±5.63 

ADD 

89.53±11.2 

83.20±9.73 

87.18±10.2 

84.74±12.4 

SD 

93.50±7.55 

92.50±7.73 

93.00±6.06 

99.00±2.20 

Animals  were  exposed  at  24,  48  and  72  h  after  the  last  kindling  seizure  and  their  parameters  were  compared  with  pre-exposure 
(control)  values.  Values  (s)  are  mean±SEM.  No  significant  difference  was  observed  with  compared  to  control  data. 


Table  3.  Effect  of  GSM  (5  watt,  2  h)  exposure  of  animals  on  seizure  parameters 


Control 

24  h 

48  h 

72  h 

S4L 

22.93±1.91 

22.18=tl.85 

20.40ztl.49 

19.98d=1.05 

S5D 

42.37±2.00 

41.63dzl.62 

43.37d=2.7 

43.10dz3.07 

ADD 

96.71d=9.16 

91.82dz7.66 

92.52d=7.22 

90.96dz6.44 

SD 

113.0dz7.78 

105.0d=3.96 

109.0=t7.98 

102.0dz3.66 

Animals  were  exposed  at  24,  48  and  72  h  after  the  last  kindling  seizure  and  their  parameters  were  compared  with  pre-exposure 
(control)  values.  Values  (s)  are  mean±SEM.  No  significant  difference  was  observed  with  compared  to  control  data. 


Table  4.  Effect  of  GSM  (5  watt,  4  h)  exposure  of  animals  on  seizure  parameters 


Control 

24  h 

S4L 

19.50d=1.48 

17.88=tl.24 

S5D 

39.86d=3.20 

42.53d=2.93 

ADD 

85.40zt6.80 

83.30dz5.40 

SD 

89.25zt5.60 

92.50=t4.54 

Animals  were  exposed  at  24  h  after  the  last  kindling  seizure  and  their  parameters 
were  compared  with  pre-exposure  (control)  values.  Values  (s)  are  mean±SEM.  No 
significant  difference  was  observed  with  compared  to  control  data. 
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Abstract 

In  our  previous  works  we  found  that  different  strains  of  bacteria  are  affected  by  the  magnetic  field  exposure.  The 
decrease  of  CFU  number  (colony  forming  units)  was  observed  in  cultures  of  different  bacterial  strains  after  12 
minutes  exposure  to  10  mT  50  Hz  magnetic  field.  This  effect  was  strain  dependent  and  the  relative  decrease  was 
from  30%  ( Escherichia  coli )  to  12%  ( Staphylococcus  aureus).  We  observed  that  rod-like  bacteria  ( Escherichia , 
Leclercia )  are  more  affected  than  spherical  ones  ( Staphylococcus ,  Paracoccus).  We  carried  out  AFM  study  to 
determinate  surface  changes  of  bacteria  after  60  minutes  of  50  Hz  lOmT  magnetic  field  exposure  of  Escherichia 
coli  and  Paracoccus  denitrificans.  We  have  not  observed  any  change  in  bacterial  morphology  of  both  used 
bacterial  strains.  Magnetic  field  did  not  influence  the  surface  and  shape  of  bacteria. 


Introduction 

Investigation  of  effects  of  electromagnetic  fields  on  living  organisms  is  needed  in  our  community.  It  is  important 
to  know,  how  biological  objects  react  to  exposure  of  external  electromagnetic  field.  According  to  this 
knowledge,  we  will  be  able  to  estimate  health  and  economical  aspects  of  using  of  many  electrical  and  magnetic 
devices.  Recently,  there  have  been  a  lot  of  studies  concerning  these  problems.  We  can  found  many  studies  of 
magnetic  and  microwave  effects  on  DNA  (1-3),  enzymatic  activity  (4,5),  proliferation  control  (6,7)  and  many 
others  (8,9). 

In  our  previous  studies  we  have  found,  that  effect  of  50  Hz  magnetic  fields  on  different  types  of  bacteria  is 
strain-dependent  (10-13).  This  effect  was  even  shape  dependent.  We  used  CFU  -  colony  forming  units  -  method 
to  determinate  proliferation  of  bacteria  after  magnetic  field  exposure.  Rod-like  bacteria  (Escherichia  coli  and 
Leclercia  adecarboxylata  -  decrease  of  CFU  number  after  12  minute  exposure  to  10  mT  50  Hz  magnetic  field 
was  about  40%,  respectively  30%  -  survived  in  lower  number  than  spherical  ones  (Paracoccus  denitrificans  and 
Staphylococcus  aureus  -  decrease  of  CFU  number  after  12  minute  in  10  mT  50  Hz  magnetic  field  was  about 
14%,  respectively  21%).  Thus,  we  decided  to  measure  surface  characteristics  of  Escherichia  coli  and  Paracoccus 
denitrificans  with  AFM  technique  to  estimate  possible  morphological  change  after  magnetic  field  exposure. 


Material  and  Methods 

Bacteria  Escherichia  coli  was  obtained  from  Biological  department  of  Masaryk  university  Brno  (strain  K12, 
Row,  genotype  58-161  metBlrpsL  1+  FdefP.Fredericq),  Paracoccus  denitrificans  CCM  982  (NCIB  8944)  was 
obtained  from  the  Czech  Collection  of  Microorganisms.  For  AFM  measurements  was  used  Explorer  AFM 
(Veeco).  Cylindrical  coil  parameters  are  given  in  our  previous  papers  (10-12). 
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For  morphological  changes  determination  we  used  this  procedure:  bacteria  were  placed  on  thin  glass  surface. 
After  evaporating,  we  take  control  samples  measurements.  Than  were  the  bacteria  placed  to  center  of  the  coil 
and  kept  here  for  60  minutes  in  10  mT  50  Hz  magnetic  field.  After  this  exposition  we  took  another  AFM 
pictures.  Thus,  we  were  able  to  detect  the  same  bacteria  before  and  after  exposure. 

Results  and  Discussion 

On  Fig.l  an  Fig.  2  we  can  see  the  AFM  pictures  of  control  and  exposed  samples  of  bacteria.  We  have  done 
some  correlation  data  processing  (for  x,y  and  z  position  of  every  pixel  on  AFM  picture).  We  have  found,  that  the 
bacteria  had  not  changed  their  morphology.  There  were  only  small  changes  on  edges  of  samples,  but  these  could 
be  satisfactory  explained  by  AFM  head  drift.  Every  experiment  was  at  last  3  times  repeated  in  high-resolution 
scans  (area  around  5x5 pm)  and  3  times  in  low  resolution  (area  around  50x50  pm). 


Fig.  1  Escherichia  coli,  sample  before  exposure  (left),  and  exposed  sample  (1  hour  10  mT,  50  Hz)  -  (right) 


Fig.  2  Paracoccns  denitrificans,  sample  before  exposure  (left),  and  exposed  sample  (1  hour  10  mT,  50  Hz)  - 
(right) 

We  have  found,  that  both  types  of  used  bacteria  -  Escherichia  coli  and  Paracoccns  denitrificans  did  not  change 
their  shapes  after  1  hour  exposure  to  50  Hz  magnetic  field,  Bm=10  mT.  We  used  AFM  method  for  bacterial 
surface  monitoring. 
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Abstract 

The  aim  of  the  study  was  to  investigate  the  effect  of  EMF  from  mobile  phones  and  stress  perception  on  general 
health  condition.  The  subjects  were  208  GSM  communication  workers  who  responded  to  a  53-item 
questionnaire.  Most  of  them  (57%)  assessed  their  health  condition  as  good,  14.%  as  very  good  and  18%  as  fair. 
The  level  of  stress  was  assessed  in  89  workers  (mean  age  30.3±7.7,  employment  duration  4.1±1.7  years)  using 
the  Perceived  Stress  Scale  (PSS)  by  Cohen  and  the  Subjective  Assessment  of  Work  Characteristics 
Questionnaire  (SAWCQ).  EMF  exposure  was  calculated  as  daily  call  duration  (CT).  The  study  population  was 
divided  into  two  groups  (similar  in  age  and  employment  duration):  I  with  CT  below  60  min.,  mean  23  min.,  II 
with  CT  above  60  min.,  mean  158  min.  Group  II  more  frequently  reported  headache  (58%  vs.  78.4%,  p=0.045), 
dizziness  (10%  vs.  32.4%;  p. =0.009),  impaired  concentration  (2%  vs.  13.5%  p.=0.05),  and  heat  sensation  in  the 
auricular  area  (30%  vs.  51.4%,  p. =0.044).  The  score  on  SAWCQ  was  higher  in  group  II  (p=0.05).  The  risk  of  a 
headache  was  significantly  dependent  both  on  CT  (OR=3,  p=0.0044)  and  PSS  (OR=1.12,  p=0.043).  EMF 
exposure  and  stress  significantly  contributed  to  an  increased  rate  of  subjective  symptoms  reported  by  GSM 
workers. 

Introduction 

The  professional  group  of  mobile  communication  workers  who  can  experience  simultaneous  exposure  to  EMF 
and  work-related  stress  has  developed  as  a  result  of  the  dynamically  growing  mobile  communication  systems 
and  the  increasing  demand  for  mobile  phone  services.  Mobile  communication  workers  are  exposed  at  work  to 
stress  related  to  a  high  pace  of  work  performance  (time  pressure),  high  responsibility  and  continuous  contact  with 
customers;  the  level  of  stress  depending  on  a  given  workpost.  When  evaluating  the  impact  of  work  environment 
on  the  workers’  health,  one  should  take  into  account  the  factors  related  to  job  characteristics.  Relevant  literature 
reports  on  the  significance  of  psychosocial  factors  such  as  work-related  stress,  effort-reward  imbalance,  shift 
work,  sedentary  work  and  other  work-related  stressors  [1],  It  seems  then,  that  apart  from  the  ‘hard’  parameters 
of  work  environment,  such  as  EMF,  one  should  also  consider  the  potential  influence  of  the  psychosocial 
factors.  Therefore,  our  study  focused  on  the  assessment  of  the  level  of  stress  related  to  work  and  everyday 
activities.  Stress  at  work  is  associated  not  only  with  some  objective  factors  but  depends  on  the  subjective 
assessment  of  working  conditions  and  job  requirements.  This  assessment  evokes  emotions  that  in  turn  trigger 
different  physiological  processes  and  mechanisms  that  can  lead  to  adverse  health  effects  if  such  activity  is  long¬ 
term  or  too  intensive  [2,3,4].  The  health  impact  of  prolonged  experience  of  stress  combined  with  EMF 
exposure  may  concern  large  communities  because  most  of  the  executive  staff  and  administration,  whose  duties 
can  be  perceived  as  highly  stressful,  can  also  be  subjected  to  EMF  exposure,  as  a  result  of  a  common  use  of 
mobile  communication  both  at  work  and  at  home. 

The  aim  of  the  study  was  to  investigate  the  combined  effect  of  EMF  from  mobile  phones  and  stress 
perception  on  the  health  condition  of  GSM  workers. 

Material  and  Methods 

Study  population 

The  study  was  performed  on  a  population  of  Polish  workers  of  GSM  network  who  are  occupationally  exposed  to 
EMF  from  mobile  phones.  For  this  population  it  was  possible  to  precisely  determine  the  level  of  EMF  exposure 
through  analysis  of  billing  and  work  history  documentation  to  elicit  call  duration  and  time  of  EMF  exposure.  Some 
of  the  workers  performed  their  duties  using  a  stationary  telephone  (Call  Centre  operators),  while  others  (sale  dept, 
workers  and  individual  and  company  service  workers)  used  mobile  phones.  We  could  thus  ensure  study  groups  with 
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varying  type  and  level  of  exposure  for  our  investigation.  In  total,  208  workers  were  qualified  for  the  survey.  Of  this 
number,  89  persons  responded  to  the  psychological  questionnaire. 

Exposure  to  EMF  evaluation 

Since  most  of  the  workers  used  the  same  type  of  mobile  phone  in  their  job,  exposure  assessment  could  be 
limited  to  analyzing  the  parameters  regarding  the  intensity  of  phone  use.  The  level  of  occupational  exposure  to 
EMF  was  calculated  based  on  the  time  and  frequency  of  mobile  phone  calls,  SAR,  and  an  output  for  a  given 
phone  used. 

Each  worker  had  the  following  parameters  calculated: 
total  period  of  mobile  phone  use 
mean  daily  number  of  calls 
mean  duration  of  a  single  call 

mean  daily  exposure  (call)  duration  (mean  call  time  x  daily  number  of  calls) 

Questionnaire  on  subjective  symptoms  related  to  mobile  phone  use 

The  questionnaire  was  designed  specifically  for  this  study  and  focused  on  general  health  condition  and  health 
complaints  as  well  as  the  frequency  of  mobile  phone  use.  It  was  tested  on  a  group  of  600  individuals  using 
mobile  communication.  When  developing  the  questionnaire,  the  authors  consulted  Scandinavian  and  Australian 
researchers  about  similar  surveys  conducted  in  their  countries.  Finally,  some  items  from  a  Swedish  and  an 
Australian  questionnaire  were  included  to  facilitate  comparison  with  their  findings  [5,6]. 

The  questionnaire  comprises  53  items  regarding  (a)  personal  data:  age,  gender,  education,  history  of  work  under 
EMF  exposure;  (b)  self-assessment  of  health  condition,  and  specific  symptoms:  headache,  dizziness,  tinnitus, 
visual  impairments,  skin  symptoms  of  the  head  and  neck  area,  sleep  disturbances,  and  present  or  past  diseases; 
(c)  mobile  phone  use:  type  of  phone  (handsets,  hands-free  kits),  and  (d)  habits  related  to  phone  use:  frequency 
and  duration  of  calls;  (d)  subjective  symptoms  related  to  mobile  phone  use. 

Stress  evaluation: 

>  Subjective  Assessment  of  Work  Characteristics  Questionnaire  (SAWCQ).  The  questionnaire  has  been 
developed  and  validated  at  the  Nofer  Institute  of  Occupational  Medicine,  Lodz,  Poland.  It  consists  of 
50  items  inquiring  about  different  psychosocial  stressors  (factors)  related  to  work  [7].  Each  subject  is 
asked  to  assess  whether  a  given  factor  occurs  at  his/her  workpost  and  if  so,  to  what  extent  it  accounts 
for  his/her  irritation,  fatigue,  anger,  stress,  etc.  A  five -point  scale  is  used  to  assess  the  impact  of  every 
potential  stressor.  The  individual  index  of  job  stressfulness  is  calculated  as  a  total  score  on  all 
questionnaire  items  indicated  by  the  subject.  SAWCQ  proved  to  be  a  reliable  measuring  instrument: 
rtt=  0.87  an  Cronbach  a=  0.84.  Raw  scores  can  be  transformed  into  normalized  scores  on  a  10-point 
scale.  The  questionnaire  was  positively  validated  on  a  large  sample  (N  =  2570)  of  Polish  working 
population 

•  low  level  of  stress  -  score  65-80  points 

•  medium  level  of  stress  -  score  81-101  points 

•  high  level  of  stress  -  score  about  102  points 

>  Perceived  Stress  Scale  (PSS)  developed  by  Cohen  [1983].  The  Scale  is  used  for  measuring  the 
perceived  stress,  both  related  to  everyday  life  situations  and  work  performance  [8].  The  Scale  consists 
of  14  questions  on  the  frequency  of  recent  stressful  conditions  that  the  person  could  or  could  not  cope 
with.  The  recipients  answer  the  questions  using  a  five-point  scale,  with  ‘O’  denoting  the  absence  of 
such  a  situation  and  ‘4’  a  high  frequency  of  stressful  events.  The  higher  the  total  score,  the  more  a 
given  individual  perceives  his  life  course  as  unpredictable  and  beyond  his/her  control. 

Statistical  analysis 

The  following  methods  were  used  for  the  statistical  analysis:  Student’s  t-Test  or  F-Snedecor  test  to  compare 
mean  values  of  parameters  in  the  study  groups;  chi2  test  or  Fisher  exact  test  for  comparing  frequency  of  the 
analysed  parameters  in  the  study  groups;  uni-  and  multivariate  logistic  regression  for  quantitative  risk 
assessment  of  symptoms  in  relation  to  exposure  level,  after  adjusting  for  confounders. 

Results 

The  study  population  was  homogenous  with  regard  to  the  occupation,  educational  level,  lifestyle,  health  status 
etc.,  while  it  differed  with  respect  to  the  level  of  EMF  exposure  and  work-related  stress. 
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Mean  age  of  the  examined  workers  was  30.3  ±  7.7  years  (21-62  years).  The  study  group  included  41  female 
workers  aged  23-45  years  (mean  27.8±4.5)  and  48  male  workers  aged  21-62  years  (mean  32.4±9.2).  The  mean 
age  of  female  workers  was  significantly  lower  (p=0.0089). 

Mean  employment  duration  was  4.1  ±  1.7  years  (2  month-8  years)  and  did  not  differ  significantly  in  relation  to 
gender:  3. 5+1. 7  years  (from  2  months  to  6.5  years)  for  female  workers  and  4. 6+1. 7  years  (from  2  months  to  8 
years)  for  male  workers. 

The  mean  daily  duration  of  phone  calls  was  80.4+105.1  min.  (2  min.-  600  min.)  and  was  similar  in  both  groups: 
75.8+97.5  min.  (2  min. -400  min)  for  females  and  84.1+111.8  min  (2  min.-  600  min)  for  males  (table  1). 

Most  of  the  subjects  (75.4%)  had  university  education  and  24.6%  of  workers  presented  secondary/college  level 
education. 

Table  1.  Exposure  characteristics  for  the  total  study  population 


Exposure  parameters 

Mean  value  +SD 

period  of  mobile  phone  use  (years) 

4.1+1. 8 

mean  daily  call  duration  [min] 

80.4+105.1 

Self-assessment  of  general  health  condition  and  subjective  symptoms 

Most  of  the  examined  people  (57%)  assessed  their  health  condition  as  good,  14%  as  very  good  and  18%  as  fair. 
Nobody  reported  bad  or  very  bad  condition  of  health  and  no  significant  differences  in  the  health  status  could  be 
found  between  male  and  female  workers. 

67,5%  subjects  complained  of  headache;  this  symptom  was  significantly  (p=0.05)  more  frequent  in  female 
workers  (78%  vs.  58%)  but  only  10%  of  female  workers  related  this  symptom  to  using  a  mobile  phone.  19%  of 
the  total  subjects  reported  dizziness;  it  was  more  prevalent  among  females  (27%  vs.  12.5%)  but  the  difference 
was  statistically  insignificant.  Other  symptoms,  like  tinnitus,  visual  impairments  etc.,  were  reported  by  12.5%  of 
the  subjects,  with  roughly  similar  prevalence  in  the  groups  of  female  and  male  workers  (17.1  %  vs.  10.4%) 
Impaired  concentration  occurred  in  37.1%  of  respondents,  prevailing  among  females  (41.5%  vs.  33.3%).  Sleep 
disturbances  occurred  in  30.3%  of  the  subjects;  they  were  more  frequent  among  males  (33.3%  vs.  26.8%)  but 
the  difference  was  statistically  non-significant.  Facial  dermatitis  was  reported  by  12.6%  of  the  subjects.  The 
most  prevalent  symptom  related  to  mobile  phone  use  was  the  thermal  sensation  within  the  auricle  and 
behind/around  the  ear.  This  was  reported  by  more  women  than  men  (43.9%  vs.  33.3%).  15.7%  of  the  subjects 
reported  fatigue  after  the  call,  even  if  the  conversation  was  a  pleasant  one,  and  6.7%  impaired  concentration. 
1 1 .2%  reported  difficulties  in  recalling  what  they  had  been  doing  before  they  answered  the  phone  call  (short¬ 
term  memory  impairments).  This  symptom  was  significantly  more  prevalent  among  male  workers  (18.8%  vs. 
2.4%). 


Stress  assessment 

In  the  study  population,  the  level  of  general  stress  was  estimated  at  22.1+6.9  and  was  significantly  (p=0.0089) 
higher  among  female  workers  (24.2+6.6  vs.  20.3+6.7).  The  work-related  stress  was  assessed  at  95.3+19.1  and  a 
higher  level  was  found  among  male  workers  (96.8+20.2  vs.  93.5+17.8)  but  the  difference  was  not  statistically 
significant.  Although  in  the  study  group,  the  level  of  stress,  according  to  the  classification  adopted  in  earlier 
studies,  assumed  medium  values  (81-101),  some  individual  workers  presented  very  high  values  (134-145). 

Analysis  of  relationship  between  reported  symptoms  and  occupational  factors  (EMF  from 
mobile  phone,  and  stress) 

The  study  population  was  divided  into  two  groups  according  to  EMF  exposure  calculated  as  daily  call  duration 
(CT): 

>  Group  I  (50  subjects):  CT  below  60  min.,  mean  23  min  (2-50  min). 

>  Group  II  (39  subjects):  CT  above  60  min.,  mean  158  min  (60-600  min). 

These  groups  were  similar  with  respect  to  age  and  employment  duration. 

The  prevalence  of  the  symptoms  depended  on  the  total  daily  duration  of  calls:  the  subjects  with  CT  of  more  than 
60  min.  more  frequently  reported  symptoms  than  the  subjects  with  shorter  CT  (Table  2). 
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Table  2.  Prevalence  of  symptoms  in  relation  to  call  duration 


Symptoms 

Group  1 

Group  2 

P 

Headache 

58% 

78.4% 

0.045 

Dizziness 

10% 

32.4% 

0.009 

Headache  related  to  mobile  phone  use 

4% 

16% 

0.05 

Impaired  concentration 

2% 

13.5% 

0.05 

Impaired  short-term  memory 

4% 

21.6% 

0.01 

Thermal  sensation  in  the  auricular  area 

30% 

51.4% 

0.044 

Thermal  sensation  in  the  auricle 

26% 

51.4% 

0.015 

The  level  of  stress  was  assessed  in  the  study  group  with  different  exposure  levels  (table  3) 
Table  3.  General  and  work-related  stress  in  relation  to  exposure  level 


Study  groups 

General  stress  (Cohen) 

Work-related  stress 

(I) 

21.2+7.3 

92.0+18.2 

(II) 

23.1+6.5 

100.2+19.9 

(P) 

ns 

0.05 

Analysis  by  exposure  and  stress  parameters 

The  analysis  was  made  using  logistic  regression  model  including  EMF  exposure  parameters  and  level  of  stress. 

After  adjusting  for  stress,  in  group  1  (with  CT  of  more  than  60  min),  the  risk  for  headache  related  to  mobile 
phone  use  was  four  times  as  high  as  in  group  II  with  CT  of  up  to  60  min  (Table  4). 

Table  4.  The  risk  for  headache  related  to  mobile  phone  use 


Parameters 

Regression  coefficient 
(B) 

Standard  error  (SE) 

P 

Odds  ratio 
(OR) 

Stress  after  Cohen 

Oil 

0.062 

0.059 

1.1 

CT 

1.44 

0.87 

0.075 

4.2 

The  risk  for  headache  as  a  symptom  that  was  not  associated  with  mobile  phone  use  was  also  significantly  higher 
in  group  II  than  in  group  I  (OR=3). 

Apart  from  the  duration  of  the  call,  also  stress  perception  significantly  contributed  to  an  increased  risk  for 
headache  (Table  5). 

Table  5.  The  risk  for  headache  not  related  to  mobile  phone  use 


Parameters 

Regression 
coefficient  (B) 

Standard  error  (SE) 

P 

Odds  ratio 
(OR) 

Stress  (Cohen) 

0.11 

0.04 

0.0044 

1.12 

CT 

1.10 

0.54 

0.043 

2.97 

The  risk  for  dizziness  unrelated  to  mobile  phone  use  was  significantly  higher  (OR  =6.8)  in  group  II  in 
comparison  with  group  I  (Table  6). 

Table  6.  The  risk  for  dizziness  unrelated  to  mobile  phone  use 


Parameters 

Regression 
coefficient  (B) 

Standard  error  (SE) 

P 

Odds  ratio  (OR) 

Stress  (Cohen) 

0.17 

0.07 

0.0084 

1.19 

CT 

1.91 

0.70 

0.0058 

6.81 

As  regards  concentration  impairments,  both  related  and  unrelated  to  mobile  phone  use,  the  risk  for  this  symptom 
was  higher  among  the  workers  with  a  high  level  of  work-related  stress  but  was  not  dependent  on  the  intensity  of 
the  calls  (tables  7,  8). 
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Table  7.  Risk  for  concentration  impairments  related  to  mobile  phone  use 


Parameters 

Regression 
coefficient  (B) 

Standard  error  (SE) 

P 

Odds  ratio  (OR) 

Work-related 

stress 

0.15 

0.05 

0.0044 

1.17 

Table  8.  The  risk  for  concentration  impairments  unrelated  to  mobile  phone  use 


Parameters 

Regression 
coefficient  (B) 

Standard  error  (SE) 

P 

Odds  ratio  (OR) 

Work-related 

stress 

0.04 

0.014 

0.0026 

1.049 

At  the  next  stage  of  the  analysis,  we  investigated  whether  including  the  duration  of  daily  calls  in  the  model 
describing  stress  and  exposure  parameters  had  influence  on  the  risk  for  a  given  symptom.  The  daily  call  duration 
did  significantly  increase  the  risk  for  headache  related  and  unrelated  to  mobile  phone  use  (p=0.0063  and  p — 0.02, 
respectively),  after  adjusting  for  other  parameters.  Likewise,  the  risk  for  dizziness  significantly  increased  with 
an  increasing  duration  of  daily  calls  fp — 0.004 1 ).  No  relationship  was  found  between  sleep  disturbances  and  the 
level  of  stress. 

Summary 

The  findings  of  the  present  study  revealed  that  EMF  exposure  from  mobile  phone  combined  with  parallel  stress 
perception  significantly  increased  the  prevalence  of  symptoms  reported  by  GSM  workers.  This  referred  to 
headache,  dizziness  and  sleep  disturbances  that  were  much  more  frequent  among  workers  who  reported 
intensive  use  of  mobile  communication  (frequent  and  long  calls)  and  had  a  high  level  of  stress  perception. 
Concentration  impairments  were  significantly  related  to  the  level  of  occupational  stress.  It  seems  that  the  best 
parameter  to  assess  EMF  exposure  was  the  daily  call  duration,  for  it  significantly  correlated  with  the  prevalence 
of  the  reported  symptoms. 

The  study  demonstrated  that  parallel  activity  of  these  factors:  EMF  from  mobile  phone  and  a  high  level  of  stress, 
both  of  the  general  and  work-related  stress,  produce  negative  health  consequences  and  increase  the  prevalence 
of  subjective  symptoms  among  workers.  No  research  has  been  performed  that  could  explain  whether  this  effect 
is  additive,  duplicate  or  potentiating. 

The  results  of  our  previous  studies  indicated  that  exposure  to  EMF  from  mobile  phone  might  increase  arterial 
blood  pressure,  have  influence  on  melatonin  level  resulting  in  sleep  disturbances,  produce  concentration  and 
short-term  memory  impairments  [9,10].  Similar  physiological  reactions  (increased  blood  pressure,  heart  rate, 
headache,  sleep  disturbances)  have  been  associated  with  stress. 

Surveys  on  subjective  symptoms  from  mobile  phone  use  conducted  in  Sweden,  Norway,  UK,  US,  New  Zealand 
and  Australia  revealed  headache  as  the  most  frequently  reported  symptom  [6,11,12,13].  The  Australian  study 
demonstrated  that  headache  (including  cluster  headache  and  migraine)  appeared  during  or  shortly  after  the 
phone  call  and  often  turned  more  intense  during  the  day.  About  50%  of  the  subjects  reported  that  they  had 
receded  within  one  hour  after  the  call  was  over  and  the  rest  of  the  subjects  complained  they  could  persist 
throughout  the  whole  day  and  recede  no  earlier  than  in  the  evening  or  even  on  the  day  after  [6].  The  first  reports 
on  headache  following  exposure  to  microwave  and  radiofrequency  EMF  were  published  about  30  years  ago  but 
at  that  time  EMF  exposure  at  these  frequencies  was  not  common  and  the  findings  had  little  if  any  response  [14]. 
Apart  from  headache,  the  persons  using  mobile  phone  reported  malaise  and  fatigue,  muscle  pain,  nausea,  and 
thermoregulation  impairments  [15]. 

Seeking  explanation  to  the  concomitant  activity  of  electromagnetic  fields  emitted  by  mobile  phones  and  stress  needs 
further  studies. 
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Abstract 

This  work  aimed  to  determine  the  effect  of  ELF-EMF  (50Hz,  lmT)  on  1-apoptosis  of  cells 
induced  with  the  hydrogen  peroxide  and  2-  quercetin  on  K562  cells.  Quercetin  is  a  flavonoid,  a 
group  of  polyphenolic  phytochemicals  known  for  their  beneficial  effects.  Quercetin  has  been 
shown  to  induce  apoptosis.  Oxidative  stress  is  well  known  for  its  apoptosis  or  necrosis  inducing 
effect.  Recent  work  has  shown  that  ELF-EMF  affects  the  free  radical  levels  probably  by 
increasing  their  life-time.  K562  cells  were  induced  with  quercetin  or  H2O2  and  ELF-EMF  (lmT,50 
Hz)  was  applied  for  three  hours.  ELF-EMF  decreased  the  number  of  viable  cells  in  H2O2  induced 
cells.  ROS  levels  were  increased  with  ELF-EMF  application  implying  the  free  radical  stabilizing 
effect  of  ELF-EMF  on  free  radicals  and  were  well  correlated  with  the  viability  of  cells.  When 
quercetin  was  used  to  induce  cells  to  apoptosis  it  was  observed  that  ELF-EMF  abolished  the 
apoptotic  effect,  increasing  viability  to  control  levels  suggesting  that  ELF-EMF  interfered  with 
apoptotic  pathway.  In  conclusion  we  showed  that  ELF-EMF  affected  the  viability  of  cells  induced 
with  quercetin  or  oxidative  stress  and  that  a  free  radical  stabilizing  effect  of  ELF-EMF  may  be 
involved. 


INTRODUCTION 

The  extremely  low  electromagnetic  fields  have  been  found  to  produce  a  variety  of  biological 
effects.  It  has  been  shown  that  ELF-EMF  can  cause  changes  in  cell  proliferation,  cell  differentiation,  cell 
cycle,  apoptosis,  DNA  replication  and  expression  [1,2]. 

Flavonoids  are  a  large  group  (5000  flavonoids  described)  of  low  molecular  weight  naturally 
occurring  polyphenolic  compounds  distributed  in  vascular  plants  and  are  important  constituents  of  human 
diet.  They  have  a  broad  range  of  biological  functions  in  plants  and  also  in  animal  cells  since  they  have  co¬ 
existed  for  over  a  billion  years  [3].  They  regulate  the  activity  of  many  enzymes  and  cell  cycle  progression 
they  can  alter  gene  expression  and  have  anti-oxidative  properties.  Quercetin  (3, 3’, 4’, 5,7- 
pentahydroxyflavone)  is  a  plant  flavonoid  that  occurs  naturally  in  a  wide  range  of  fruits  and  vegetables.  It  is 
the  most  studied  flavonoid.  It  has  been  observed  that  Quercetin  interferes  with  regulatory  pathway  of 
apoptosis  [4]  and  causes  cell  cycle  arrest  [5]. 

ROS  including  H202,  02  .-  and  OH-,  are  endogenously  generated  inside  cells  by  a  variety  of 
enzymes  and  through  the  mitochondrial  respiratory  chain.  ROS  levels  are  balanced  by  the  intracellular 
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antioxidative  defense  which  consists  of  enzymatic  (superoxide  dismutase  which  reduces  O2  to  H202, 
catalase,  and  glutathione  peroxidase  which  reduce  H2O2  to  H20)  and  nonenzymatic  components  (  the 
vitamins  C,  A,  E,  lipoate,  thiols,  urate,  ubiquinone,  glutathione  (GSH),  thioredoxin,  and  glutaredoxin  )  [6]. 
However  exogenous  H202  can  cause  cellular  injury  by  both  apoptosis  and  necrosis.  [7] 

Extremely  low  frequency  electromagnetic  fields  are  considered  to  be  weak  stressors  and  it  is 
thought  that  they  may  act  as  costressors  in  the  presence  of  a  stress  factor  [8],  And  since  membrane  poses  a 
barrier  to  these  weak  fields  the  interaction  must  involve  a  physicochemical  change  in  the  membrane  leading 
to  changes  in  the  signal  transduction  system  of  the  cell  [2]  and/or  as  Myrtill  proposed  cause  deleterious 
effects  by  stabilizing  the  metabolically  formed  free  radical  [9] 

Taking  these  facts  into  consideration  we  aimed  to  determine  the  effect  of  ELF-EMF  on  viability  of 
K562  induced  with  the  two  above  mentioned  stressors.  The  results  were  correlated  with  ROS  levels. 


1.  Materials  and  Methods 

a.  Cell  Culture 

K562  cells  were  cultured  at  37°C  in  suspension  in  RPMI  1640  (Sigma- Aldrich  Chemie  GmbH, 
Taufkirchen,  Germany)  containing  10%  FCS  (Gibco-Invitrogen  Ltd.  ,  Paisley,  Scotland)  in  a  humidified 
5%  C02  atmosphere.  Cell  count  was  made  with  trypan  blue.  Viability  was  85-90%.  Quercetin  (Sigma- 
Aldrich  Q0125)  was  added  by  the  indicated  concentrations.  K562  cells  were  induced  to  apoptosis  with 
1 50,  300  pM  H202  (Riedel  Dehaen  D30 1 6) 


b.  Exposure  System 

Electromagnetic  field  was  generated  with  two  solenoids  (25  cm  diameter  and  10  cm  height) 
serially  connected  each  having  400  turns  of  copper  wire.  During  exposure  the  cells  (control  and 
ELF-EMF  applied)  were  kept  in  a  water  bath  (37°  ±  0.5°C)  .  The  magnetic  field,  obtained  with  20V  1  mA 
was  measured  to  be  lmT.  Field  intensity  varied  for  ±  O.lmT  during  exposure.  For  the  measurement  a  Hall 
Effect  Teslameter  of  Leybold  Heraous  54  050  model  was  used. 
lmT,  50Hz  ELF  EMF  was  applied  for  three  hours. 


c.  Apoptosis  detection  and  Annexin  V  Staining  Protocol 

After  induction  with  quercetin  or  H202  and  /or  application  of  ELF-EMF  cells  were  washed  twice 
with  PBS  and  suspended  in  lx  binding  buffer  at  a  concentration  of  approx.  1  x  106  cells/ml.  5  pi  of 
Annexin  V-FITC  and  10  pi  of  propidium  iodide  was  added  to  each  cell  suspension  (control  and  induced). 
After  incubation  at  room  temperature  for  10  minutes  the  fluorescence  of  the  cells  was  determined 
immediately  with  a  flow  cytometer  (Becton-Dickinson  FACSCalibur). 


d.  ROS  determination 

After  washing  with  PBS,  cells  were  plated  in  96-well  plates  (104cells/well).  Cells  were  incubated 
for  45  min  with  PBS  supplemented  with  1  mM  p-nitro  blue  tetrazolium  (NBT,  Molecular  Probes),  1  mM 
CaCl2.  Measurements  were  made  in  the  absence  or  presence  of  EMF  exposure.  02'  generation  reduces 
NBT  to  blue  formazan  within  the  cells,  which  was  measured  using  a  microplate  reader  (Thermo  Multiscan 
EX)  at  550  nm.  Intracellular  formazan  crystals  were  solubilized  in  100  ml  DMSO  prior  to  reading. 


SUMMARY 


1.  Results 

a.  Viability  of  cells  induced  with  different  concentrations  of  quercetin. 

The  viability  of  K562  cells  were  determined  starting  from  5pM  quercetin  to  500pM  quercetin  to 
be  able  to  obtain  a  concentration  response.  Indicated  concentrations  of  quercetin  were  added  for  three  hours 
and  viability  measured  with  flow-cytometer  using  Annexin  V  Flow  kit  taking  into  consideration  apoptotic 
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and  necrotic  cells.  As  can  be  seen  from  Figure  l(A.B)  viability  decreased  starting  from  200pM  quercetin. 
After  having  determined  the  breaking  point,  several  concentrations  were  chosen  and  viability  measured 
after  24  hours  of  quercetin  induction  (Figure  1.). 


Fig.l  (A)  Viability  of  K562  cells  induced  with  quercetin. 
Quercetin  concentrations  from  50pM  to  500pM  were 
applied  for  three  hours  and  viability  was  determined 
using  Annexin  V  Flow  kit.  Concentrations  greater  than 
200pM  started  to  decrease  viability. 


(B)  Several  concentrations  were  chosen  and  viability 
measurements  were  made  after  24  hours.  It  was 
observed  that  the  decrease  in  viability  was 
concentration  dependent  as  expected.  Results  are  mean 
±  S.E.M  ,n=  4. 


b.  Effect  of  ELF-EMF  on  quercetin  induced  apoptosis  of  K562  cell  line. 

300pM  quercetin  was  chosen  to  determine  the  effect  of  ELF-EMF  on  quercetin  induced  apoptosis 
of  K562  cells.  Cells  were  induced  with  quercetin  for  three  hours  and  ELF-EMF  (lmT,  50Hz)  applied  at  the 
onset  of  induction  for  the  same  duration.  Measurements  of  viability  were  made  at  the  end  of  ELF-EMF 
application  and  24  hours  later  with  Annexin  as  indicated  in  Methods.  (Fig.2) 

Quercetin  decreased  the  number  of  viable  cells  (about  12%  decreases  in  24  hours)  as  expected. 
ELF-EMF  alone  did  not  change  the  viability  of  K562  cells  although  a  slight  increase  which  did  not  seem  to 
be  significant,  in  the  number  of  cells  was  observed.  When  ELF-EMF  was  applied  together  with  quercetin  it 
was  seen  that  ELF-EMF  increased  %  of  viable  cells  indicating  that  it  blocked  the  apoptotic  pathway 
induced  by  quercetin. 
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Fig.2  Effect  of  ELF-EMF  on  viability  of  K562 
cells  induced  with  quercetin. 


□  3  hours 
■  24  hourd 


Measurements  were  made  at  the  end  of 
incubation  and  ELF-EMF  application  period 
(3  hours)  and  24  hours  later.  Quercetin 
decreased  the  viability  as  expected.  ELF-EMF 
alone  had  no  significant  effect  on  the  viability 
of  K562  cells.  However  when  ELF-EMF 
(lmT,  50Hz)  was  applied  the  viability  of 
quercetin  induced  cells  increased  when 
measured  24  hours  later.  Results  are  mean  ± 
S.E.M  ,n=  4. 


c.  Effect  of  ELF-EMF  on  viability  of  K562  cells  induced  with  H202 

Two  H2O2  concentrations  (150pM  and  300pM)  were  used  to  determine  the  effect  of  ELF-EMF  on 
the  viability  of  K562  cells.  Cells  were  induced  with  H1O2  for  three  hours  and  ELF-EMF  applied  during 
induction.  Viability  was  determined  at  the  end  of  three  hours  using  Annexin.  As  expected  H2O2  decreased 
viability.  Application  of  ELF-EMF  decreased  viability  which  was  seen  to  be  more  pronounced  for  150pM 
H202 .  (Fig. 3). 


Fig. 3.  Effect  of  ELF-EMF  on  viability  of  K562  cells 
induced  with  H2O2. 

Cells  were  incubated  with  the  indicated 
concentrations  of  H2O2  and  ELF-EMF  applied  for 
three  hours  during  the  incubation  period. 
Measurements  were  made  at  the  end  of  incubation 
and  ELF-EMF  application  period  and  24  hours  later 
with  flow  cytometer.  ELF-EMF  decreased  the 
viability  indicating  it’s  stabilizing  effect  on  free 
radicals.  Results  are  mean  ±  S.E.M  ,n=  4. 


d.  Effect  of  ELF-EMF  on  ROS  levels  in  K562  cells  with  or  without  H202  induction. 

Cells  were  kept  for  three  hours  under  ELF-EMF  (lmT,  50Hz).  In  case  of  H2O2  induction,  ELF-EMF  was 
applied  immediately  after  induction.  As  can  be  seen  from  Fig. 4  ELF-EMF  increased  ROS  levels  either  with 
or  without  H2O2  induction.  When  cells  were  induced  with  H2Oi  the  increase  was  more  pronounced  with 
150pM  H2O2.  The  results  indicate  the  stabilizing  effect  of  ELF-EMF  on  free  radicals. 
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Fig.4  Effect  of  ELF-EMF  on  ROS 
levels  in  K562  cells  with  or  without 
H202  induction. 

Cells  were  induced  with  or  without 
H2O2  for  three  hours  and  ROS 
levels  were  determined  with  NBT 
assay.  ELF-EMF  increased  ROS 
levels  in  both  cases.  Results  are 
mean  ±S.E.M,  n=4 


2.  Discussion 

We  observed  that  the  concentration  of  quercetin  that  caused  a  decrease  in  viability,  through 
apoptotic  pathways,  was  200pM  to  300pM  (Figl).  This  is  in  contrast  with  the  observation  of  Kothan  et  al 
[10].  They  found  that  much  lower  concentrations  of  quercetin  caused  early  apoptosis.  On  the  contrary  we 
found  that  low  concentrations  of  quercetin  protected  the  cell  from  oxidative  stress  (data  not  shown).  As 
expected  viability  decreased  with  increasing  concentrations  of  quercetin. 

300pM  quercetin,  which  was  the  concentration  that  initiated  a  decrease  in  viability,  was  chosen  to 
determine  the  effect  of  ELF-EMF.  The  reason  for  this  choice  was  that  since  ELF-EMF  is  weak  stressor  [8] 
higher  concentrations  of  quercetin  would  suppress  the  effect  of  ELF-EMF.  ELF-EMF  caused  a  small 
increase  in  the  viability  of  cells  in  24  hours  indicating  that  it  interfered  in  the  apoptotic  pathway  of 
quercetin  (Fig2).  There  may  be  two  reasons  for  this.  It  has  been  shown  that  quercetin  modifies  the 
membrane  via  reaction  with  lipids  and  proteins  and  thus  may  cause  alterations  in  lipid  transduction 
pathway  [11].  ELF-EMF  might  have  interfered  with  this  modification  by  altering  the  electrical  properties  of 
the  membrane.  Or  the  reason  may  be  a  change  in  the  expression  of  heat-shock  proteins.  It  has  also  been 
observed  that  Quercetin  and  other  flavonoids  inhibited  the  induction  of  heat  shock  proteins  [12],  However 
Goodman  et  al  has  shown  that  ELF-EMF  increases  heat  shock  protein  levels  that  were  exposed  to  short 
term  60  Hz.  magnetic  field  [13]  ELF-EMF  may  have  increased  hsp  levels  thus  protecting  the  cell  from 
quercetin  induced  apoptosis. 

Reactive  oxygen  species  are  known  to  cause  apoptosis  and  necrosis  in  many  cell  types  [14].  This 
cytotoxicity  is  mediated  by  an  oxidative  event  that  produces  the  hydroxy  radical.  We  first  measured  the 
concentration  dependence  of  the  viability  of  K562  cells  induced  with  150pM,  300pM  and  600pM  H202 
which  as  expected  decreased  with  increasing  concentration  (data  not  shown). 

To  be  able  to  detect  the  effect  of  ELF-EMF  two  H2O2  concentrations  (150pM,  300pM)  were  chosen. 
As  can  be  seen  from  Fig.3.  ELF-EMF  caused  a  small  but  significant  decrease  in  viability.  These  results 
were  correlated  with  ROS  measurements.  It  was  observed  that  when  ELF-EMF  was  applied  to  H2O2 
induced  K562  cells  ROS  levels  increased  for  both  of  the  concentrations  used.  This  correlated  very  well 
with  the  decreased  viability  of  these  cells  under  the  same  conditions  (Fig.4).  Application  of  ELF-EMF 
alone  without  any  H202  induction  was  also  seen  to  increase  ROS  level  which  is  another  indication  of  the 
free  radical  stabilizing  effect  of  ELF-EMF. 
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Abstract 

Magnetic  fields  (MF)  are  widely  distributed  in  the  environment  and  their  effects  are  increasing  by  the  development 
of  electrical  machines.  Moreover,  many  investigators  are  studying  the  effect  of  MF  on  the  various  functions  or  living 
organisms.  In  the  present  study,  we  tested  the  influence  of  exposure  to  30  mT  static  magnetic  field  (SMF)  on  seed 
germination,  growth  and  some  physiological  and  biochemical  aspects  in  roots  and  shoots  of  intact  pea  plants  ( Cicer 
arientinum).  The  results  showed  that  under  SMF  with  30  mT  intensity,  seed  germination  was  increased.  The  root 
growth  was  inhibited  but  shoot  length  partially  increased.  Furthermore,  a  significant  increase  was  observed  in  the 
activity  of  amylase  and  peroxidase  enzymes  probably  due  to  the  oxidative  stress  in  both  roots  and  shoots.  In 
addition,  lignin  content  was  increased  in  both  roots  and  shoots  but  the  level  of  increase  of  lignin  in  shoots  was  not 
significant. 

Introduction 

With  the  increased  extent  of  urbanization  application  of  electrical  appliances  are  increasing  and  living  organisms  are 
inevitably  subjected  to  the  frequent  exposure  to  low  electric  and  magnetic  fields  (Patterson,  1992;  Breysse  et  al., 
1994;  Frey,  1994;  Merchant  et  al.,  1994).  The  magnetic  fields  (MF)  generated  by  electrical  equipment  are  many 
times  higher  than  those  occurring  naturally,  and  their  prevalence  is  a  consequence  of  technological  developments  in 
the  second  half  of  the  20th  century  (Jackson,  1992).  However,  the  role  of  MF  and  its  influence  on  organisms’ 
functioning  are  still  insufficiently  investigated  (Belyavskaya  2001).  There  have  been  several  studies  on  the  effects  of 
MF  on  plants  (Kato  et  ah,  1989;  Phirke  et  al.,  1996;  Ruzic  &  Jerman,  2002).  Smith  et  al.  (1993)  found  that  using 
different  field  combinations,  one  could  separately  alter  the  root  mass,  leaf  size  and  stems  thickness.  Roots  seem 
much  more  susceptible  to  the  magnetic  than  shoots  (Kato,  1988;  Kato  et  al.,  1989).  The  15-min  treatment  of  wheat 
seeds  by  MF  (30  mT)  followed  by  17-h  imbibitions,  when  they  initiated  root  growth,  increased  the  root  formation 
(Aksyonov  et  al.,  2001).  Singh  et  al.  (1994)  found  that  MF  with  a  magnetic  flux  density  of  3000  gauss  applied  from 
a  permanent  magnet  for  1-6  h  inhibited  the  growth  of  Anabaena  doliolum.  Takahashi  et  al.  (1985)  investigated  the 
effect  of  MF  on  the  growth  of  Chlorella  using  MF  with  magnetic  flux  densities  of  60-580  gauss,  and  have  identified 
facilitation  of  growth  below  400  gauss  and  inhibition  of  growth  at  580  gauss.  The  mechanisms  of  facilitation  or 
inhibition  of  the  growth  of  microorganisms  by  MF  still  remain  to  be  elucidated.  It  has  also  been  found  that  such 
fields  cause  an  increase  in  the  free  radicals  activity  in  living  organisms  (Savitz,  1995;  Kula  et  al.,  2002)  which 
results  in  the  formation  of  excessive  amounts  of  reactive  oxygen  species  (ROS).  In  the  present  study,  in  order  to 
obtain  more  insights  into  the  effects  of  a  MF  on  plants,  we  investigated  the  influence  of  30  mT  SMF  on  the  growth 
and  certain  physiological  and  biochemical  aspects  of  the  growth  of  pea  plant  ( Cicer  arientinum). 

Seeds  of  uniform  size  were  selected  and  surface  sterilized  with  0.1%  sodium  hypochlorite  solution  for  10  min  and 
then  germinated  between  wet  filter  paper  at  25°C  in  the  dark  for  4  days,  with  or  without  exposure  to  magnetic  field. 
The  seedlings  of  uniform  size  were  then  transferred  to  sand  culture  in  plastic  pots  in  growth  chamber  providing 
white  fluorescent  light  with  an  irradiance  of  150  p  mol  m'2  s'1,  25±3  °C  and  60  (±  5)  %  relative  humidity,  for  20 
days. 

Exposure  to  SMF  was  performed  by  a  locally  designed  SMF  generator.  The  electrical  power  was  provided  using  a 
220  V  AC  power  supply  equipped  with  variable  transformer  as  well  as  a  single-phase  full-wave  rectifier.  The 
maximum  power  and  passing  current  were  1  KW  and  50  A  DC,  respectively.  This  system  designed  to  generate  SMF 
in  range  of  0.5  pT  -  30  mT  with  stable  conditions.  It  consisted  of  two  coil  (each  3000  turns  of  3  mm  copper  wire) 
equipped  with  a  U-shaped  laminated  iron  core  (to  prevent  eddy  current  losses).  Using  two  vertical  connectors,  the 
arms  of  the  U-shaped  iron  core  were  terminated  to  four  circular  iron  plates  covered  with  thin  layer  of  Nickel  (each 
23  mm  thickness,  260  cm  in  diameter).  An  electronic  board  was  used  to  stabilize  the  system  so  that  we  always  got  a 
uniform  SMF.  A  water  circulation  system  around  the  coils  was  employed  to  avoid  the  increase  of  the  temperature. 


912 


EFFECT  OF  SMF  ON  PHYSIOFOGY  AND  BIOCHEMISTRY  OF  PEA 


The  temperature  between  the  circular  iron  plates  (where  the  samples  were  located),  was  measured  by  a  thermometer 
and  was  almost  the  same  as  other  parts  of  the  room  (e.g.,  the  location  site  of  the  control  cells)  ±1°C.  Since  no  other 
electric  appliance  was  working,  the  control  samples  were  only  exposed  to  the  extremely  low  MF  of  the  earth,  as  the 
treatment  group  was  too.  Moreover,  the  control  cells  were  kept  far  enough  from  the  EMF  producing  apparatus,  to 
avoid  any  potential  exposure  to  the  magnetic  field. Calibration  of  the  system  as  well  as  tests  for  the  accuracy  and 
uniformity  of  the  magnetic  fields  were  performed  by  a  Teslameter  (PHYWE,  Germany)  with  a  probe  type  of  Hall 
Sound.  The  accuracy  of  the  system  was  ±0.1%  for  static  field  and  the  range  of  measurements  was  3  pT  -  30  mT  20- 
day  old  pea  plants  were  treated  with  30  mT,  discontinuously  for  5  days,  each  5  h.  After  treatments,  the  roots  and 
shoots  of  pea  were  harvested  and  frozen  in  liquid  N2  and  kept  at  -  80  °C  until  used  for  biochemical  measurements. 
Iodometric  method  was  used  to  determine  the  endo-amylase  activities  (Lecker  &  Khan,  1996).  The  starch  solution 
(1.5  g/L)  was  made  by  dissolving  starch  in  2  M  NaOH  solution  at  room  temperature,  followed  by  the  addition  of  an 
equal  volume  of  2  M  HC1.  The  resulting  solution  was  then  heated  to  a  clear  solution  before  its  pH  was  adjusted  to 
desired  value  by  addition  of  2  M  NaOH.  Final  solutions  were  made  by  dilution  with  buffer  at  the  desired  pH.  A 
solution  (126.9  mg/L),  containing  the  same  volume  of  0.1  M  iodine  and  5  g/100  mL  potassium  iodide,  was  diluted 
with  cold  distilled  water  to  obtain  a  cold  iodine  solution  (around  2  °C).  Activity  values  were  determined  at  25  °C  by 
allowing  the  enzyme  solution  in  buffer  (0.5  mL)  to  react  with  the  starch  solution  (5  mL)  for  2  min.  The  reaction  was 
then  stopped  by  adding  2.5  mL  of  cold  iodine  solution,  which  converts  the  nonhydrolyzed  starch  to  starch-iodine 
blue  complex.  The  resulting  solution  was  afterwards  placed  in  a  thermostatic  bath  at  25  °C  for  10  min  and  its 
absorbance  was  measured  at  615  nm. 

Peroxidase  (PO)  was  extracted  and  determine  in  three  fractions;  the  soluble-(SPO),  ionically-(IPO)  and  covalently- 
(CPO)  bound  fractions,  using  guaiacol  as  an  electron  donor,  as  described  previously  (Ghanati  et  al.  2004).  The 
activity  of  SPO  and  IPO  was  expressed  as  the  increase  in  absorbance  per  min  per  mg  protein  and  of  CPO  was 
expressed  as  the  increase  in  absorbance  against  cell  wall  dry  weight  The  protein  content  was  determined  by  the 
method  of  Bradford  (1976)  using  bovine  serum  albumin  (BSA)  as  a  standard. 

Total  sugar  content  was  measured  by  the  anthrone-sulfuric  acid  method  (Dubois  et  al.,  1956). 

Lignin  content  was  measured  via  a  modified  acetyl  bromide  procedure  (Iiyama  &  Wallis,  1990).  In  brief,  6  mg  of 
fine-powdered  wall  preparation  was  treated  with  a  mixture  (total  of  2.5  ml)  of  25%  (w/w)  AcBr  in  HO  Ac  and  0.1  ml 
of  70%  HCIO4  at  70  °C  for  30  min  with  shaking  at  10  min  intervals.  After  cooling  with  ice,  the  digestion  mixture 
was  transferred  to  a  25  ml  volumetric  flask  containing  5  ml  of  2  M  NaOH  and  6  ml  HOAc  and  made  up  to  25  ml. 
The  lignin  content  was  determined  by  measuring  the  absorbance  at  280  nm  using  a  specific  absorption  of  20.0  g"1  L 
cm'1.  All  of  the  experiments  were  carried  out  with  at  least  three  independent  repetitions  in  triplicate.  All  values  are 
shown  as  the  mean  ±  SD.  Statistical  analysis  was  performed  using  Student  t.Test  and  the  differences  at  level  of  p 
<0.05  were  considered  significant. 

Exposure  to  30  mT  SMF  had  a  positive  effect  on  germination  of  pea  seeds  but  it  inhibited  elongation  of  those 
seedlings  that  had  not  been  treated  with  MF  during  their  gemination  (data  not  shown). 

The  sugar  content  of  roots  and  shoots  of  pea  was  affected  greatly  by  SMF  and  a  significant  increase  was  observed  at 
30  mT  (Fig.  1). 

The  starch  content  of  roots  and  shoots  was  considered  as  the  activity  of  amylase  enzyme.  Compared  to  the  controls, 
we  found  that  the  starch  content  of  roots  and  shoots  of  pea  plant  reduced  significantly  after  exposure  to  30  mT  SMF 
(Fig.  2). 

Our  experiments  showed  that  the  activity  of  SPO  in  roots  of  pea  plant  was  significantly  increased  by  exposing  to  30 
mT  SMF  (Fig. 3  A,D).  Moreover,  the  activity  of  IPO  and  CPO  increased  substantially  compared  to  those  in  control 
plants  (Fig.3  B,C,E,F). 

The  lignin  content  of  roots  of  pea  plant  treated  with  30  mT  SMF  was  significantly  higher  than  non-treated  roots 
(Fig.  4).  Compared  to  the  control,  an  increasing  in  the  lignin  content  was  also  observed  in  shoots  of  pea  plant  treated 
with  30  mT  SMF,  although  it  was  not  statistically  significant  (Fig.4). 
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Ctrl  Treatment  Ctrl  Treatment 


Fig.l  Effect  of  SMF  on  sugar  content  of  shoot  (A)  and  roots  (B)  of  pea.  Data  are  means  of  at  least  three 
different  experiments  in  triplicate  ±SD.  Signs  with  different  letters  indicate  significant  differences  at  P  < 

0.05  according  to  Student's  t-Test. 


Fig.2  Effect  of  SMF  on  the  activity  of  amylase  in  pea  shoots  (A)  and  roots  (B).  Data  are  means  obtained 
from  at  least  three  different  experiments  in  triplicate  ±SD.  Signs  with  different  letters  indicate  significant 
differences  at  P  <  0.05  according  to  Student's  t-Test. 
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Fig  3.  Effect  of  SMF  on  different  fractions  of  PO  in  pea  shoots  (A-C)  and  roots  (D-F).  Data  are  means  of  at 
least  three  different  experiments  in  triplicate  ±SD.  Signs  with  different  letters  indicate  significant 
differences  at  P  <  0.05  according  to  Student's  t-Test. 
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Fig.4  Effect  of  SMF  on  lignin  content  of  pea  shoots  (A)  and  roots  (B).  Data  are  means  obtained  from  at 
least  three  different  experiments  in  triplicate  ±SD.  Signs  with  different  letters  indicate  significant 
differences  at  P  <  0.05  according  to  Student's  t-Test. 


Summary 

Investigations  of  many  authors  showed  that  treatment  of  plants  seed  by  MF  increases  their  germination.  In 
our  study,  germination  of  pea  seeds  increased  by  30  mT  SMF.  Similar  results  were  obtained  by  the  effect  of 
MF  on  rice,  wheat,  barley  and  soybean  seeds  (Cho  et  ah,  1992).  The  studies  show  that  this  increasing  in 
germination  is  probably  due  to  the  alteration  of  water  relations  in  seeds  by  MF  (Reina  et  ah,  2001).  Root 
growth  reduction  may  be  related  to  a  reduced  extensibility  of  the  cell  wall.  Such  effect  could  result  from  the 
stiffening  of  the  wall,  partly  regulated  by  PO  responsible  for  the  polymerization  of  monolignins  (Fry, 
1986).  In  shoots,  we  have  seen  a  slight  increasing  on  the  length  of  two  latest  intemodes.  This  increasing 
was  probably  due  to  the  lower  synthesis  of  lignin  in  shoots  than  roots  under  30  mT  SMF,  resulted  in 
enhancement  of  cellular  turgor  and  cell  enlargement.  Negishi  et  al.  (1999)  were  observed  the  epicotyle 
elongation  in  pea  seedlings  exposed  to  MF.  They  suggested  that  the  promotion  of  cell  elongation  under  MF 
may  relate  to  an  increase  of  osmotic  pressure  in  the  cells.  The  effects  of  MF  on  photosynthesis  in  plants 
have  not  been  studied  in  detail.  In  our  study,  the  sugar  content  in  roots  and  shoots  of  pea  plant  increased  at 
30  mT  SMF.  These  results  suggest  that  MF  probably  promote  the  photosynthetic  processes.  The  similar 
results  were  obtained  at  the  study  of  the  effect  of  MF  (100  gauss)  on  photosynthesis  of  the  Spirulina 
platensis  (Hirano  et  al.,  1998).  The  authors  suggested  that  MF  accelerate  the  light  excitation  of  chlorophyll, 
reactions  of  electron  transfer  and  the  conversion  of  light  energy  to  chemical  energy. 

It  has  been  proposed  that  a-amylase  may  be  a  regulatory  enzyme  of  starch  breakdown  since  this  enzyme, 
unlike  p-  amylase,  can  attack  and  degrade  intact  starch  granules  (Dunn,  1974;  Manners,  1985),  while  p- 
amylase  is  thought  to  hydrolyse  oligosaccharide  products  of  a-amylase  activity  and  play  a  secondary  role  in 
the  regulation  of  starch  hydrolysis  (Gallagher  et  al.,  1997).  In  this  research,  increased  soluble  sugar  content 
and  also  decreased  starch  in  MF-exposed  roots  and  shoots  suggest  that  the  hydrolysis  of  starch  under  30 
mT  SMF  is  mainly  attributed  to  the  enhanced  amylase  activity.  This  enhancement  was  probably  due  to  the 
increasing  of  ROS  production  under  MF  stress.  Similar  to  our  observations,  enhanced  amylase  activity  have 
been  reported  under  water  stress  in  barley  leaves  (Jacobsen  et  al.,  1986)  and  cucumber  cotyledons  (Todaka 
et  al.,  2000).  Furthermore,  Mishra  et  al.  (2005)  reported  significant  increase  in  activity  of  amylase  by 
increase  in  the  level  of  ROS  in  Bacillus  subtilis.  These  authors  showed  that  the  increase  in  enzyme  activity 
was  result  of  adaptive  responses  induced  under  oxidative  stress. 

POs  are  heme  containing  proteins  that  utilize  H2O2  in  the  oxidation  of  various  organic  and  inorganic 
substrates  (Asada,  1994).  These  enzymes  participate  in  developmental  processes,  ethylene  biosynthesis, 
defense,  wound  healing,  etc.  (Asada,  1992).  POs  are  widely  accepted  as  stress  enzymes  (Asada,  1992). 
Induction  in  PO  activity  has  been  documented  under  a  variety  of  stressful  conditions  such  as  water  stress 
(Zhang  &  Kirkham,  1994),  salinity  (Mittal  &  Dubey,  1991),  chilling  (Prasad  et  al.,  1995)  and  y-radiation 
(Wada  et  al.,  1998).  In  plants,  POs  have  been  mainly  detected  in  cell  walls,  endoplasmic  reticulum,  Golgi 
apparatus  and  vacuoles,  and  this  distribution  is  presumably  related  to  different  physiological  functions 
(Pandolfini  et  al.,  1992).  It  has  also  an  important  role  in  the  lignification  (Asada,  1992;  Castillo  et  al.,  1984) 
and  the  formation  of  cross-links  between  extension  and  feruloylated  polysaccharides,  resulting  in  the 
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increase  of  wall  stiffening  and  reduction  of  cell  expansion  (Castillo  et  al.,  1984).  Our  results  indicated  an 
enhancement  in  the  activity  of  SPO  in  both  roots  and  shoots  of  pea  plants  when  compared  to  controls. 

It  is  demonstrated  that  the  activity  of  SPO  is  related  to  the  stress  conditions  (Pandolfini  et  al.,  1992). 
Furthermore,  in  the  present  study  an  increased  activity  was  seen  in  IPO  and  CPO  in  both  roots  and  shoots. 
In  some  cases,  the  increased  activity  is  mainly  due  to  the  extracellular  POs  (cell-wall-bound)  which  are 
known  to  play  an  important  role  in  the  lignification  and  the  formation  of  cross-links  between  extension  and 
feruloylated  polysaccharides  (Castillo  &  Greppin,  1986;  Fry,  1986).  The  enhanced  PO  activity  in  the 
intercellular  spaces,  involved  in  cell  wall  lignification  might  represent  a  mechanical  defense  under  biotic 
and  abiotic  stress  conditions  (Caspar  et  al.,  1985;  Castillo,  1986). 
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Abstract 

Aerosol  particle  deposition  in  human  respiratory  system  is  a  complex  function  of  the  size  and  geometry  of  the 
particles.  There  are  distinguished  three  main  mechanisms  of  the  deposition  of  the  particles  during  the  breathing  - 
inertial  force,  Brownian  motion  and  gravitational  force.  Depending  on  the  size,  the  significance  of  that 
mechanisms  and  the  region  of  respiratory  system  the  efficiency  of  them  is  different.  The  fourth  mechanism  - 
electrostatic  forces  -  because  of  the  theoretical  predictions  (mainly  the  works  of  Yu)  is  neglected  usually.  The 
theoretical  analysis  of  the  electric  forces  is  limited  to  passive  mechanisms  of  electrostatic  dispersion  and  the 
image  force  in  tubes  and  bulbs  of  smooth,  grounded  surfaces  and  the  viscous  gas  medium.  The  experimental 
work  of  Cohen  made  with  the  cast  of  human  air  ducts  shows  that  deposition  can  be  significantly  higher  than  that 
theoretically  predicted.  The  analysis  of  the  influence  of  the  image  forces  acting  at  the  distance  lower  than  free 
length  and  hypothetical  non-zero  potential  of  the  parts  of  inner  duct  surfaces  on  the  particle  settlement  shows 
that  it  can  be  more  efficient  for  nano-particles  than  the  previous  theoretical  and  experimental  works  showed. 

Key  words:  aerosol,  electric  charge,  respiratory  system,  particle  deposition,  image  force 


Introduction 

The  influence  of  the  electric  charge  on  the  aerosol  particles  on  the  efficiency  of  their  deposition  in  human 
airways  is  usually  neglected.  A  lot  of  theoretical  and  experimental  work  has  proved  that  the  deposition  of 
uncharged  aerosol  particles  in  airways  is  governed  by  following  mechanisms: 
diffusion  towards  the  inner  surfaces  of  the  respiratory  ducts, 
gravitational  sedimentation, 
inertial  impaction, 
interception. 

The  deposition  efficiency  of  individual  mechanisms  depends  on  particle  size  and  shape  and  on  the  considered 
part  of  the  airways.  Diffusion  dominates  for  small  particles,  especially  for  nano-particles,  and  sedimentation 
dominates  in  case  of  coarse  particles  (larger  than  1  pm).  The  efficiency  of  deposition  in  different  parts  of  human 
respiratory  system  was  shown  in  Fig.  1.  This  picture  was  obtained  by  NRBP  on  the  basis  of  calculations  using 
HRTM  model  (2004).  The  other  authors  report  the  similar  deposition  curves,  so  this  one  can  be  treated  as  a 
representative  view.  The  experimental  and  analytical  research  work  during  the  years  has  shown  that  the  electrical 
charge  of  the  particle  increases  its  deposition.  Those  research  works  could  be  divided  into  few  groups: 
measurements  of  the  dust  retention  in  exposed  animals, 
measurements  of  the  dust  retention  in  exposed  humans  (very  rare), 
measurements  and  calculations  of  the  deposition  in  the  surrogates  of  parts  of  the  air  ducts, 
measurements  of  the  particle  deposition  in  the  hollow  airway  cast  of  the  human  lungs. 

The  data  from  the  human  studies  made  in  vivo  are  rare  and  difficult  to  obtain,  especially  concerning  the  values  of 
regional  depositions.  For  that  very  important  are  studies  with  hollow  casts  of  human  airways,  which  seem  to  be 
the  closest  to  the  real  conditions  and  can  be  useful  for  verify  calculations. 

Cohen  et  al.  (1995)  gave  the  detailed  review  of  research  results  up  to  1995.  Generally,  she  contrasted  theoretical 
and  experimental  results.  They  showed  that  the  real  increase  of  the  deposition  of  charged  particles  in  airways 
surrogates  or  casts  (especially  in  her  own  experiments)  is  higher  than  that  predicted  theoretically  (e.g.  Yu,  Yu  and 
Chandra).  There  is  general  agreement,  that  the  dominating  electrical  mechanism  for  the  typical  particle 
concentrations  is  the  image  force  attracting  the  charge  toward  the  conducting  surface. 
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The  new  impact  to  the  scientific  interest  of  the  share  of  the  image  forces  in  the  particle  deposition,  brought  the 
hypothesis  of  Fews,  Henshaw  et  al.  (1999  a,  b)  for  the  explanation  for  the  increase  number  of  some  cancer  cases 
(especially  childhood  leukaemia)  among  the  populations  living  in  the  vicinity  of  very  high  voltage  AC 
powerlines,  shown  in  epidemiological  studies.  There  is  a  common  believe  that  the  very  weak  AC  magnetic  fields 
(about  0.5  to  few  hundred  of  nT)  could  promote  the  development  of  some  rare  kind  of  cancers,  but  still  the 
mechanisms  of  that  are  not  understood.  According  to  Henshaw,  Fews,  et  al,  the  corona  discharge  in  HV 
powerlines  could  charge  the  particles  of  aerosol  pollutants  passing  with  the  wind  through  the  corona  region.  This 
could  cause  the  increased  deposition  of  charged  pollutants,  including  cancerigenic  substances  existing  in  the  air, 
in  human  respiratory  system,  and  increase  the  risk  of  developing  of  some  pulmonary  and  cancer  diseases.  They 
experimentally  confirmed  the  existence  of  the  cloud  of  ions  on  the  leeward  side  of  the  HV  AC  powerlines  on  the 
basis  of  measurements  of  the  vertical  component  of  the  electrostatic  field  at  the  ground  level,  up  and  down  the 
wind.  In  2005,  Grabarczyk  et  al.  (2005)  confirmed  the  existence  of  increase  in  the  concentration  of  the  space 
charge  carried  by  the  particles  sized  2-22  nm,  down  the  wind  of  the  110  and  400  kV  AC  powerlines.  This 
hypothesis  was  analysed  carefully  by  the  ad  hock  group  of  experts,  and  the  results  were  published  by  National 
Radiological  Protection  Board  (2004).  They  concluded  that  the  probability  of  the  adverse  health  effects  of 
pollutants  charged  by  HV  AC  powerlines  is  not  high,  but  many  questions  need  the  answer  before  the 
conclusions. 

The  main  problem,  which  still  is  not  clear,  is  the  difference  between  the  calculated  and  measured  deposition  of 
charged  particles  in  the  respiratory  system.  It  seems  that  this  is  important  only  near  processes,  which  can 
generate  the  high  fractions  of  charged  nano-particles  or  charge  fine  and  coarse  particles  close  to  their  charge 
saturation. 


_  Total  deposition  in 
human  air-svays 

_ Deposition  in  upper 

air-ways  (extrathoracic) 

- Deposition  in  alveoli 

Deposition  in 
tracheobronchial  air-ways 


Margin  of  potentially  maximal  increase 
charged  particles  deposition 


0.001  0.01  0.1  1  10 

Particle  diameter,  d,  nin 

Figure  1.  Total  and  regional  deposition  efficiency  of  spherical,  uncharged  particles  in  human  respiratory  system, 
after  NRPB  calculations  using  HRTM  model  (2004) 

Discussion 

There  are  the  crucial  points  of  the  discussion  on  the  significance  for  human  health  of  the  inhalation  of  the 
charged  aerosol  particles: 

1)  the  potential  margin  for  the  possible  increase  of  the  deposition  by  any  active  factor,  other  than 
diffusion,  gravitation  impaction  or  interception, 

2)  the  real  values  of  deposition  enhancement  by  the  image  forces, 

3)  the  influence  of  image  forces  on  the  regional  increase  of  deposition, 

4)  the  health  effects  of  the  deposition  increased  by  image  forces, 

5)  the  way  in  which  image  forces  can  enhance  the  efficiency  of  the  other,  mentioned  above,  mechanisms: 
Ad  1.  The  potential,  theoretically  possible  increase  of  the  deposition  is  shown  in  Fig  1  (the  grey  area  over  the 
total  deposition  curve).  It  can  be  seen  well,  that  for  the  particles  sized  below  10  nm  and  above  5  pm,  the  margin 
is  very  low,  about  a  few  percent.  However,  in  the  size  range  0.1-1  pm  the  margin  is  very  wide,  and  at  about  0.3 
-  0.4  pm  ten-fold  increase  of  deposition  is  theoretically  possible.  In  this  range,  all  the  local  depositions  are  low, 
so  they  could  be  potentially  increased. 

Ad  2.  The  real  values  of  deposition  efficiency  can  be  calculated  for  all  airways  generations  and  then  be  summed, 
or  total  deposition  can  be  measured  with  hollow  cast  model.  Those  data  are  not  complete  now  and  need  further 
studies.  Especially  the  reason  for  which  the  experimental  exposition  is  higher  than  theoretically  predicted,  should 
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be  explained.  Yu  et  al  have  done  most  of  the  theoretical  calculations.  He  derived  formulas  for  calculating  the 
deposition  efficiency  at  different  generation  of  air  ducts,  for  parabolic  and  for  slug  airflow,  and  some 
calculations  for  bend  pipes  and  some  calculations  for  simultaneous  electric  effect  and  diffusion  or  gravitation. 

Ad  3.  As  the  image  forces  are  “short  distant”  they  can  be  effective  rather  in  the  narrow  air  tubes  (e.g.  bronchial 
region  or  alveoli).  They  should  be  active  in  similar  region  as  the  diffusion  deposition  dominates. 

Ad.  4.  The  health  effects  of  deposition  depend  on  the  kind  and  amount  inhaled  material  rather  than  on  the 
mechanism  of  deposition.  So  the  electrostatic  deposition  potentially  could  be  biologically  active  it  could 
significantly  increase  the  amount  of  deposited  pollutants  or  move  the  deposition  to  the  more  sensitive  region. 
The  last  one  not  seems  very  likely.  On  the  other  hand  if  image  forces  enhanced  the  deposition,  they  should  in 
obvious  way  to  cause  earlier  deposition,  that  means  in  lower  (in  sense  of  the  number)  generations. 

Ad.  5.  This  not  clear  if  the  electrical  and  mechanical  forces  responsible  for  deposition  can  enhance  or  weak  each 
other.  The  simplest  way  is  to  treat  them  as  the  additive  factors,  but  likely  they  are  not.  Chen  and  Yu  (1993) 
proposed  the  formula  for  the  combined  efficiency  i]  =  sqrt(r)  U  +  r|22  -  2r|iT|2)  where  r|x  -  individual  efficiencies 
by  factor  1  and  factor  2. 

This  should  be  noticed  that  in  the  atmospheric  conditions  the  aerosol  particles  are  in  thermodynamic  equilibrium, 
and  the  charge  carried  by  particles  is  rather  low  (see  Fig.  2.),  especially  in  the  case  of  free  molecular  regime 
particles  (very  small  particles),  so  probably  the  health  effect  could  be  small  or  negligible.  However,  if  compare 
the  atmospheric  aerosol  to  the  industrial  one,  especially  to  the  particles  being  atomized  mechanically  or  charged 
electrically  (e.g.  electrostatic  painting),  their  charge  could  be  closer  to  the  possible  maximum  (limited  by  the 
electric  breakdown  of  the  air  -  about  3  •  1 06  V/m)  and  the  image  effect  could  be  significant. 


Figure  2.  Number  of  elementary  charge  carried  by  aerosol  particles  seized  1  nm  -  10  pm.  Grey  line  -  maximum 
values  limited  by  electric  breakdown  of  the  air,  black  line  -  the  average  values  typical  for  the  thermodynamic 
equilibrium  in  the  atmospheric  conditions. 

The  calculations  made  by  Yu,  were  based  on  the  simplifying  assumptions  of  smooth  inner  surfaces  of  analysed 
pipe  like  surrogates  of  the  airway,  the  ideal  conductivity,  and  bioelectrical  passivity  (no  biomechanical  or 
bioelectrical  activity  of  epithelial  cells  was  concerned). 
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Figure  3.  Critical  distance  from  the  conducting  surface  for  which  the  thermal  and  electric  energy  (image  force 
energy)  are  equal,  versus  number  of  elementary  charge  carried  by  particle. 

Diffusion  and  image  force  are  “short  distance”  mechanisms  of  deposition.  Potential  energy  of  image  force  of 
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charged  particle  is  proportional  to  the  second  power  of  the  particle  charge.  If  neglect  the  other  forces  acting  on 
the  particle,  every  particle  with  energy  of  image  force  greater  than  thermal  energy,  should  achieve  the 
conducting  surface.  The  relation  between  the  particle  charge  and  the  border  distance  at  which  both  kinds  of 
energy  are  equal,  is  shown  in  Fig.  3.  Particles  below  the  curve  in  Fig.  3  theoretically,  should  settle  on  the 
conducting  surface.  Flowever,  for  the  longest  distances  and  coarse  particles,  this  could  take  a  long  time,  probably 
longer  than  sedimentation  for  large  particles.  For  that,  the  more  effective  is  to  compare  the  time  of  flight  T  of  the 
air  along  the  considered  airway  (e.g.  pipe  model)  with  the  time  i  of  the  drift  of  the  particle  from  the  point  placed 
at  the  input  cross  section  to  the  inner  surface  of  the  pipe.  Practically  the  task  is  to  find  the  minimum  radius  of  the 
cylinder  coaxial  with  the  pipe,  above  which  all  the  particles  carrying  charge  q  are  deposited,  it  means  for  which 
T  >  x.  The  profile  of  the  airflow  in  the  pipe  is  complex.  Usually  there  have  been  analysed  two  modes  of  the 
laminar  airflow  -  the  mode  without  the  boundary  layer  at  the  inner  surface  of  the  pipe  (air  speed  is  constant  at 
the  all  cross  section  area  -slug  flow),  and  with  boundary  layer  (parabolic  flow).  The  choice  of  the  model  depends 
on  the  length  of  the  pipe,  sharpness  of  the  surface,  and  air  speed,  usually  for  short  airways  there  is  no  enough 
time  for  developing  full  parabolic  flow.  According  to  the  calculations  by  Yu  and  Chandra  (1978),  the  deposition 
by  the  image  forces  is  more  effective  for  slug  than  for  parabolic  flow. 


Figure  3.  The  simplified  model  of  image  effect  of  charge  q  over  the 
conducting  plane  (U=  OV) 

R  -  the  distance  between  the  charge  and  the  conducting,  grounded 
plane,  (-</)  -  image  of  the  charge  ( q ). 


For  the  analysis  of  the  image,  force  effect  there  can  be  used  the  model  shown  in  Fig.  3.  This  is  the  exact  model 
for  plane,  conducting  and  grounded  material.  In  case  of  the  respiratory  system  the  cylindrical  pipes  or  spherical 
conducting  cavities  are  used,  where  (-q)  =  K  q,  where  A'  is  a  function  of  the  shape  of  the  conducting  material  and 
distance  of  the  charge  q  to  the  conducting  surface.  In  the  atmospheric  air,  there  is  the  most  important,  and 
usually  correct  the  common  assumption  that  the  charged  particle  moves  along  the  electric  field  line,  with  the 
average  speed: 

v(r)  =  /iE(r),  (1) 


where,  |i  is  the  mobility  of  the  charged  particle. 


In  geometry  case  shown  in  Fig.  3,  in  the  atmospheric  air,  which  is  viscous,  the  particle  movement  forced  by  the 
image  force  can  be  described  by  the  following  differential  equation: 


dr 

—  =  -jjE  =  - 
dt 


m 


16  7T£0r~ 


(2) 


with  the  initial  condition  for  the  particle  drift  r(t  =  0 )=R. 


That  relation  is  only  statistically  true.  If  the  distance  R  is  enough  small,  comparable  with  the  particle  free  path, 
the  particle  movement  can  be  described  by  the  following  equation: 


d'r 


m 


=  qE  = 


q 


dt 2  1 67t£nr2 


(3) 


and  the  initial  conditions  are:  r(t  =  0 )—R  and  v(t  =  0)  =  0,  where  m  is  the  particle  mass. 
Solution  of  the  Eq.  2  is: 


r  = 


(*3-r3) 


\67t£Q 

3/jq 


and,  solution  of  Eq.  3  is: 


or 


or 


,  =  A-A£Lr, 

V  16  Ksn 


r  =  sR’-  * 


32ns0m 


(4) 


(5) 


where  d/2  <r<R,  and  d  is  the  particle  diameter. 

The  ratio  of  the  time  of  flight  x2  of  the  distance  R  in  case  without  collisions  (Eq.  5)  to  the  time  x2  with  collisions 
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(Eq.  4)  is: 


(6) 


where  y  is  the  particle  material  density.  This  ratio  is  always  less  then  one,  and  for  the  fine  particles  T2  is  a  few 
orders  of  magnitude  smaller  than  Tj. 

The  free  path  /  of  aerosol  particle  of  diameter  d  and  density  y  can  be  calculated  from  the  Eqs  6,  7,  after 
Friedlaner  (2000): 


/  = 


3/T7]d  ^  d  ^ 


+  A2  exp 


(V) 


where,  A]=1.257,  A2=0.400,  A3=0.55,  q  -  dynamic  viscosity  of  air,  X  -  mean  free  path  of  the  air  particles  (about 
0.065  pm),  and 

(8) 


The  relation  (Eq.  7)  is  shown  in  Fig.  4. 


Figure  4.  The  mean  value  of  the  free  path  /  of  the  aerosol  particle  of  density  for  y  =  103  kg/m3  and  diameter  d 

The  fraction  of  the  particles  for  which  the  ratio  (a)  of  a  free  path  to  the  mean  free  path  is  inside  the  range  <aq 
a2>,  can  be  calculated  as  difference  of  probabilities  p( a{)  -  p( a2).  The  probability  function  p( a)  =  exp(-a)  is 
shown  in  Fig. 5. 


Figure  5.  Probability  p(a)  that  the  free  path  of  the  particle  is  a  -  folds  of  the  mean  free  path. 

It  can  be  seen  that  the  free  path  is  larger  than  mean  free  path  for  about  37%  of  the  particle  population  and  larger 
than  twice  mean  free  path  for  13,5%.  So  the  image  force  effect  without  particle  collisions  is  effective  only  at  a 
distance  from  few  tenth  to  few  hundred  of  nanometres,  but  at  such  distance  it  is  very  strong  and  all  charged 
particles  (even  with  one  elementary  charge)  would  be  deposited  onto  the  airway  surface.  In  this  case  the  charged 
particles  which  are  attracted  toward  the  conducting  surface  by  image  force,  achieve  the  surface  much  sooner  than 
1  ms  if  not  collide  with  air  particles.  This  effect  can  increase  the  deposition  efficiency  in  smaller  airways  and  if 
turbulent  flow  takes  place.  The  effect  should  by  studied  more  precisely  and  it  seems  that  it  was  not  concerned 
before. 

Generally,  because  of  Yu  calculations,  there  exists  general  opinion  that  the  image  forces  do  not  influence  the 
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deposition  in  significant  level.  To  verify  that  opinion  the  following  simple  case  study,  based  on  the  Yu  and 
Chandra  (1978)  example  of  1  pm  charged  particles,  was  carried. 

This  is  put  the  assumption,  that  the  efficiency  of  the  deposition  by  image  force,  in  generation  number  n  is  equal 
r|i  n.  If  the  image  force  would  be  the  only  active  mechanism  in  the  airway,  the  deposition  in  generations  from 
m= 0  to  m  =  «f()  could  be  expressed  as  follows: 

n 

^o-„=^o  +  &m(1_77--i)  (9) 

m= 1 


That  should  be  noticed  that  Eq.  9  concerns  only  the  population  of  the  particles  of  defined  diameter  and  charge, 
for  which  the  values  r\lm  were  calculated  before.  As  the  number  of  generation  is  24,  even  at  the 
According  to  Yu  and  Chandra,  the  deposition  efficiency  at  the  chosen  generation  pipe  of  the  inner  radius  R  of 
inner  hole,  can  be  presented  for  laminar  flow,  as: 

(10) 


for  slug  airflow,  or: 


(11) 


for  parabolic  airflow  (with  boundary  layer),  where  rc  is  the  critical  radius  coaxial  with  the  tested  pipe,  outside  of 
which  all  particles  are  deposited. 


The  relation  between  rc  and  the  characteristics  of  the  particle,  pipe  and  airflow  is: 


r  =  4 


r  =  4 


R  r  r 

— +  21n^-^ 
r  R  R 


for  slug  airflow,  and 


—  +  21n^-|  ^  I  +- 


R  \R 


1  (re 


3  \R 


for  the  parabolic  airflow, 


y  c  v  y  ~  \  y  j 

where,  dimensionless  time  of  residence  was  defined  by  Yu  and  Chandra  (1978)  as  follows: 


v  =  - 


4tt£0R3u0 


where,  L  is  the  length  of  the  pipe  and  u0  the  velocity  of  slug  airflow. 


(12) 

(13) 


(14) 


On  the  basis  of  Eqs.  1 1-14,  Yu  and  Chandra  (1978)  calculated  the  deposition  for  each  of  twenty  four  generations 
of  the  human  respiratory  system,  for  the  particles  of  diameter  1  pm  and  density  lg/cm3,  carrying  lOOe  charge, 
for  breathing  at  1000  cm3  tidal  volume,  12  respirations/minute.  Those  calculations  are  presented  in  Figs.  5  and  6 
for  the  parabolic  and  slug  airflows.  Additionally,  at  those  Figures,  the  total  efficiencies  calculated  according  to 
the  Eq.  9,  are  shown  also.  For  chosen  particles,  the  deposition  efficiency  is  between  30%  and  70%.  To  get  the 
more  exact  results,  the  airflow  profile  in  specified  generation  should  be  known.  Theoretically,  there  is  possible  to 
deposit  100%  of  highly  charged  particles,  including  four  mentioned  before  active  mechanisms  also. 


Figure  5.  The  efficiency  of  deposition  by  image  forces  at  the  individual  generations  of  human  respiratory  system, 
calculated  by  Yu  and  Chandra,  and  ascending  cumulative  efficiency  of  the  first  n  generations,  calculated  in  this 
paper,  and  real  cumulative  deposition  in  individual  generations.  Calculations  are  made  at  the  parabolic  airflow. 
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Figure  6.  The  efficiency  of  deposition  by  image  forces  at  the  individual  generations  of  human  respiratory  system, 
calculated  by  Yu  and  Chandra,  and  ascending  cumulative  efficiency  of  the  first  n  generations,  calculated  in  this 
paper,  and  real  cumulative  deposition  in  individual  generations.  Calculations  are  made  at  the  slug  airflow. 

The  experiments  of  Cohen  et  al.  (1995),  mentioned  before,  with  the  deposition  of  charged  particles  in  the 
hollow,  conducting  cast  of  human  respiratory  system  showed,  that  the  possible  deposition  of  charged  particles 
can  be  much  higher  than  theoretically  expected.  There  was  measured  the  deposition  of  neutral  particles,  charged 
with  le  and  neutralized  particles.  The  studies  with  20  and  125  nm  particles  were  done;  their  results  are  shown  in 
the  Tab.  1. 


Table  1.  Deposition  efficiency  of  the  charged,  neutralized  and  uncharged  fluorescein  particles  in  conducting 
hollow  cast  of  human  airways,  at  average  airflow  5000  ccm/min,  measured  by  Cohen  et  al.  (1995) 


Electrification  of  particles 

Particle  diameter  d  =  20  nm 

Particle  diameter  d  =  125  nm 

Mean  value  of  deposition,  %,  ±2a 

Mean  value  of  deposition,  %,  ±2a 

Single  elementary  charge  (</=le) 

6.62±0,70 

1.61+0.08 

Charge  neutralized 

1.96±0,29 

0.70+0.16 

Neutral  (<jr=0) 

1.24±0,09 

0.26±0.06 

Those  data  show  that  the  image  force  is  an  important  factor  enhancing  the  deposition  of  charged  particles  (5.3 
folds  for  20  nm  and  6.2  for  125  nm).  The  model  had  to  be  different  from  the  human  respiratory  system  (e.g.  lack 
of  extrathoracic  region),  so  the  obtained  deposition  of  neutral  particles  is  significantly  lower  than  that  obtained 
by  calculations  (see  Fig.  1).  In  case  of  particles  sized  above  0.1  pm,  which  can  carry  much  higher  number  of 
elementary  charges  than  only  one,  there  can  be  expected  significantly  higher  efficiency,  which  was  shown  above 
(see  Figs.  5  and  6). 

In  the  cited  studies,  there  were  not  considered  electrical  activity  of  the  cells  in  air  ducts.  At  this  moment,  there  is 
no  data  for  assessment  the  significance  of  bioelectric  potentials  in  deposition  of  charged  particles  and  the 
influence  of  the  particles  charge  on  the  cilia  activity. 

Figure  7.  Example  of  the  ciliated  cells  from  the  trachea. 

Cilia’s  dimensions  are  about  10  pm  length  and  0.3  pm 
diameter. 

After:  Kenneth  S.  Saladin,  Anatomy  and  Physiology,  the  Unit 
of  Form  and  Function,  WBC/McGraw  Hill,  1998,  p.  116. 


The  cilia  on  epithelial  cells  (see  Fig.  7)  move  the  mucus  along  a  surface  layer  of  saline.  This  is  very  likely  that 
the  cilia,  beating  with  the  frequency  about  few  tenth  of  Hertz,  generate  some  evoke  potentials  which  should  be 
different  during  power  and  recovery  strokes.  Mucus  and  saline  layers  separate  the  inner  space  of  the  airway  duct 
from  them,  but  those  layers  are  not  ideal  conductors  and  are  not  continuous,  so  there  is  possible  the  penetration 
of  electrostatic  field  of  them  into  the  airway  duct  space.  If  consider  the  sizes  of  cilia  and  surrounding  cells  and 
typical  bioelectrical  potential,  it  can  be  expected  the  electric  field  strength  of  order  several  to  few  tenths  of 
kV/m.  Such  potentials  can  be  compared  with  electrostatic  potentials  induced  by  charged  particles  between  them 
and  the  mucus  layer  or  cilia.  The  potential  distribution  between  the  charged  particle  and  conducting  surface  (as 
in  the  Fig.  3)  can  be  expressed  as: 


U{r)  = 


g  r 

2 tts0R  ( R2-r 2) 


(15) 
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and  is  illustrated  for  q  =  le  at  the  Fig.  8.  The  change  of  the  potential  conducting  surface  from  zero  up  to  U,  in 
rough  modelling,  can  be  concern  as  a  virtual  change  of  the  distance  R.  The  result  of  approximate  calculations  of 
this  change  dr  related  to  the  distance  R,  are  shown  in  Fig.  8.  This  is  the  case  of  the  particle  charge  q  =  le,  for 
which  the  sensitivity  of  the  particle  to  the  changes  of  the  conducting  surface  potential  is  the  highest.  The  sign  of 
virtual  dr  is  positive  if  the  signs  of  the  surface  and  particle  are  opposite,  and  negative  if  both  signs  are  the  same, 
respectively.  For  typical  membrane  potential  about  20  mV,  the  influence  of  bioelectric  potential  is  very  effective 
compare  to  the  image  forces  if  R>1  pm  (d r/R  >  0.9). 


Distance  particle  from  conducting  palne,  R ,  micro  m 


Figure  8.  The  virtual  change  |dr/R|  of  the  distance  R  between  the  conducting  plane  and  charge  particle  (<7=le), 
when  change  the  conducting  plane  potential  from  zero  to  U. 

Summary 

The  efficiency  of  charged  particles  deposition  in  human  airways  can  significant,  especially  for  highly  charged 
aerosol  particles.  The  above  analysis  made  on  the  example  of  individual  deposition  efficiency  of  24  generations 
of  airway  ducts,  using  calculation  by  Yu  and  Chandra,  has  shown  that  image  forces  acting  alone  are  able  to 
deposit  up  to  30-70%  of  highly  charged  particles.  If  include  mechanical  deposition  factors,  that  efficiency  could 
arise  even  more.  Especially  important  can  be  increase  of  the  deposition  particles  sized  0.1  -  1pm,  where  the 
deposition  spare  margin  is  very  large,  up  to  ten  folds.  As  the  experiments  of  Cohen  et  al.  showed,  the  deposition 
of  charge  125  nm  particles,  can  be  about  six  folds  higher  than  those  of  zero  charged,  potentially  this  margin  can 
be  filled.  The  analysis  of  the  example  of  1  pm  and  lOOe  charged  particles  showed  that  not  only  the  total 
deposition  increase,  but  the  individual  deposition  in  all  generation  also.  So  it  seems  unlikely,  that  charging  of 
aerosol  particles  could  cause  stopping  them  in  upper  parts  of  airways  and  significantly  prevent  the  deposition  in 
bronchioli  and  alveoli,  which  could  positive  health  effect. 

The  significant  increase  of  charged  particle  deposition,  on  the  theoretical  basis  seems  to  be  very  probable  if  the 
particles  charge  is  close  to  their  saturation  charge,  and  the  most  of  the  particle  population  is  highly  charged.  Such 
cases  are  very  rare  in  practice,  excluding  some  very  special  conditions  like  particles  charge  in  electrostatic 
precipitators  or  portable  electrostatic  air  cleaners,  paint  powder  particles  at  the  electrostatic  painting,  and  some 
other  technologies.  In  the  processes  of  particle  atomization,  young  particles  which  did  not  achieve  the  state  of 
thermodynamic  equilibrium,  could  be  electrified  highly  also,  and  the  almost  whole  population  of  them  can  be 
charged. 

The  attention  should  paid  to  bacteria,  especially  water  born,  which  charge  can  be  very  high,  in  some  cases  even 
up  to  104e  ( Mainelis ,  2001),  but  always  much  higher  than  that  of  the  non-biological  particles  in  the  same 
environment.  For  such  biological  objects,  the  deposition  in  human  airways  can  be  very  effective. 

Real  efficiency  of  the  image  forces  can  be  enhanced  also,  as  it  was  shown  above,  by  very  fast  non-collision  drift 
of  the  particles  to  the  duct  surface  from  the  distance  close  to  the  free  path  of  the  particles.  In  this  case  the  most 
effective  could  be  attracting  of  nano-particles  (see  Fig.  4)  and  the  least  effective  of  0, 3-0,4  pm  particles.  This 
hypothetical  effect  could  enhance  the  deposition  during  turbulent  airflow  much  more  than  during  laminar  flow. 
Other  proposed  hypothesis  is  that  the  deposition  of  charged  particles  can  be  enhanced  if  some  bioelectric 
potential  differences  occur  on  the  inner  surface  of  the  air-ducts.  This  effect  could  modulate  the  virtual  distance  of 
the  particles  to  the  inner  surface  of  air  duct  and  could  be  significantly  stronger,  especially  for  small  charge  on  the 
particles,  than  the  image  force  effect.  These  hypotheses  should  be  tested  experimentally,  but  it  seems  very 
difficult  in  the  latest  case. 
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Abstract 

Studies  for  the  identification  of  suitable  stem  cells  culture  and  differentiating  conditions  that  are  devoid  of 
xenogenic  growth  supplements  is  actually  considered  an  important  issue  for  the  clinical  applicability  of  cell 
therapy  for  heart  failure.  We  have  recently  demonstrated  the  possibility  to  obtain  Cardiac  Stem  Cells  (CSCs), 
from  human  endomyocardial  biopsy  specimens.  CSCs  self-assemble  into  multi-cellular  clusters  known  as 
cardiospheres  (CSps)  that  engraft  and  partially  regenerate  infarcted  myocardium. 

CSps  were  exposed  for  five  days  in  an  incubator  inside  a  solenoid  system  with  temperature  and  humidity  and 
CO2  regulated.  This  exposure  system  were  placed  in  an  a-magnetic  shielded  room  in  the  simultaneous  presence 
of  a  static  MF  and  a  low-alternating-frequency-MF,  close  to  the  cyclotron  frequency  corresponding  to  the 
charge/mass  ratio  of  Ca+H  ion.  In  this  exposure  conditions  CSps  modulate  their  differentiation  turning  on 
cardiogenesis  and  turning  off  vasculogenesis.  Cardiac  markers  such  as  Troponin  I  (Tnl)  or  Myosin  Heavy  Chain 
(MHC)  were  up-regulated,  conversely  angiogenic  markers  such  as  Vascular  Endothelial  Growth  Factor  (VEGF) 
or  Kinase  Domain  Receptor  (KDR)  were  down-regulated  as  evidenced  by  immunocytochemistry.  The 
improvement  in  the  cardiogenic  differentiation  was  confirmed  by  Real-Time  PCR  and  Western  Blotting  analysis. 
Interestingly,  an  increase  in  the  proliferation  was  observed  and  evidenced  by  Brd-U  incorporation  (ELISA)  and 
cell  counting  kit-8  (WST-8)  analysis. 

Exposure  to  Extremely  Low  Frequence  Magnetic  Field  (ELF-MF)  can  modulates  the  cardiogenic  versus 
angiogenic  differentiation  process  of  ex  vivo  expanded  CSCs. This  may  pave  the  way  for  novel  approaches  in 
tissue  engineering  and  cell  therapy. 


Introduction 

In  order  to  increase  the  reliability  and  the  clinical  feasibility  of  the  CSCs  employment  for  cardiac  cell  therapy  we 
need  new  methods  that  allow  a  modulation  of  the  differentiation  process  with  a  minimal  cell  manipulation. 

CSCs  can  be  clonally  expanded  from  myocardial  biopsies;  these  cells  are  spontaneously  shed  from  human 
surgical  specimens  and  murine  heart  samples  in  primary  culture.  This  heterogeneous  population  of  cells 
expresses  c-kit.  These  cells  are  self-renewing,  clonogenic  and  multipotent  giving  rise  spontaneously  to 
cardiomyocytes,  smooth  muscle  cells  and  endothelial  cells.  In  suspension  culture  they  form  multicellular  clusters 
dubbed  Cardiospheres  (CSps).1 

Recently  spontaneous  differentiation  of  ES  cells  into  cardiac  myocytes  by  exposure  to  ELF-MF  has  been 
reported2.  We  assessed  the  hypothesis  that  the  exposure  of  CSps  to  defined  Magnetic  Field  could  modulate  the 
cardiac  differentiation  process  with  a  minimal  cell  manipulation. 
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Methods  and  results 

Human  biopsy  specimens  were  obtained  from  patients  undergoing  clinically-indicated  percutaneous 
endomyocardial  biopsy  and  processed.  Samples  were  stored  on  ice  in  high  potassium  cardioplegic  solution  and 
processed  within  two  hours.  Briefly,  samples  were  cut  into  fragments,  washed,  partially  enzymatically  digested, 
and  the  single  cells  discarded.  The  remaining  tissue  fragments  were  cultured  as  explants  on  dishes. 

A  lawn  of  flat  cells  spreads  from  the  biopsy  and  covers  the  bottom  of  the  dish  in  14-20  days.  Cells  can  be  seen 
budding  off  from  the  main  explant  and  then  seeding  the  dish,  a  process  which  is  robust  by  12-18  days.  The  cells 
surrounding  the  explant  are  harvested,  initially  after  5-7  days,  and  then  every  4-5  days  (for  a  total  of  4  harvests). 
When  grown  in  suspension,  the  cells  form  CSps  within  12-20  days.  On  the  basis  of  our  previous  results  obtained 
with  other  cellular  model  (cheratinocytes,  neuronal  cells) 3"5,  CSps  were  exposed  for  five  days  in  the  a-magnetic 
room  with  simultaneous  presence  of  a  static  Magnetic  Field  and  a  ELF-MF,  close  to  the  cyclotron  frequency 
corresponding  to  the  charge/mass  ratio  of  Ca+ 1  ion. 

The  equipment  for  electro-magnetic  field  (solenoid)  production  is  installed  in  a-magnetic  room.  This  equipment 
include  cellular  incubator  made  to  a-magnetic  material  were  temperature  regulation  (37±  0.1°C)  and  atmosphere 
(5%  C02)  and  humidity  were  provided  and  continuously  controlled  and  recorded  by  a  lab  view  program 
embedded  computer. 

The  main  body  of  the  solenoid  is  a  cylinder  in  PVC  5  mm  thick  and  has  a  diameter  of  33  cm  and  a  height  of  3  m. 
It  is  made  of  3,300  turns  of  1  mm  diameter  copper  wire.  It  is  driven  from  three  amplifiers  and  a  signal  generator 
that  generated  static  and  alternate  current  for  electromagnetic  field  production.  This  equipment  is  able  to  produce 
0.0 1Hz  to  1  KHz  frequency  and  10  nT  to  lmT  of  electromagnetic  field  and  induction  respectively  at  33  mV 
RMS  drove. 

Under  these  conditions  an  increase  in  cell  metabolism  was  observed  and  evidenced  by  cell  counting  kit-8  (WST- 
8)  analysis  (Fig.  1).  Moreover,  cardiac  markers  such  as  Troponin  I  (Tnl)  or  Myosin  Heavy  Chain  (MHC)  were 
up-regulated.  Conversely  angiogenic  markers  such  as  Vascular  Endothelial  Growth  Factor  (VEGF)  or  Kinase 
Domain  Receptor  (KDR)  were  down-regulated  as  evidenced  by  immunocytochemistry  (Fig.  2)  and  by  RT-PCR 
(Fig.  3). 


Days 

Figure  1:  Metabolic  activity 
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Evaluation  of  cell  metabolism  by  utilizing  sensitive  colorimetric  assays.  WST-8  is  reduced  by  dehydrogenases  in  cells  to  give 
a  yellow  colored  product  (formazan),  which  is  soluble  in  the  tissue  culture  medium.  The  amount  of  the  formazan  dye 
generated  by  the  activity  of  dehydrogenases  in  cells  is  directly  proportional  to  the  number  of  living  cells.  Figure  shows  that 
cells  exposed  to  ELF-MF  (•)  have  higher  metabolic  activity  then  the  unexposed  cells  (o). 
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Figure  2:  Cardiosphere  and  CDC Phenotypes 


A)  Cardiospheres  expressing  cardiac  Tnl  after  exposure  to  the  ELF-MF  for  5  days.  C-D)  The  exposure  to  the  magnetic  field 
seems  to  down-regulate  the  vasculogenesis 
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Figure  3:  Real  Time  PCR 

Effect  of  field  exposure  on  expression  of  cardiac  markers  such  as  cTnl.Nkx  2.5  and  angiogenic  markers  such  as  VEGEF  after 
five  days.  The  column  diagram  shows  the  differences  in  rnRNA  production  of  exposed  (■)  and  unexposed  (□)  CSps. 
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Discussion 

One  hundred  years  ago  the  humans  were  exposed  only  to  natural  electromagnetic  field  (EMF).  With  technical 
and  industrial  growth,  the  EMF  generated  by  human  activities  became  several  times  higher  than  the  field  found 
in  nature. 

Because  most  of  the  physiological  processes  of  the  eukaryotic  cell  are  voltage  regulated,  in  the  last  20  years 
underwent  a  strong  increase  of  the  interest  to  investigate  the  effect  of  extremely  low  frequency  electric  and 
magnetic  fields  6’s. 

Some  of  this  studies  reported  changes  induced  in  calcium  efflux  from  chicken  brain  hemispheres  9,  nerve 
regeneration  ICI,  alteration  gene  transcription  1  ,  and  they  may  also  play  a  synergic  role  in  cellular  processes  that 
are  already  activated,  such  as  cell  proliferation  and  cell  differentiation. 

The  possible  mechanisms  of  the  induced  effects  are  not  known,  although  a  number  of  theoretical  models  have 
been  proposed)  l2"14.  Studies  focusing  on  the  role  of  Calcium  signalling  in  the  mechanisms  of  the  ELF-MF- 
induced  differentiation  are  ongoing  in  our  laboratory. 

We  have  obtained  data  showing  that  exposure  of  the  ex  vivo  expanded  CSps  to  ELF-MF  modulates  their 
differentiation  turning  on  cardiogenesis  and  turning  off  vasculogenesis.  Interestingly  this  effect  was 
accompanied  by  increase  of  cellular  metabolism  and  proliferation. 

If  confirmed,  these  results  should  increase  the  reliability  and  the  clinical  feasibility  of  the  CSCs  employment  for 
cardiac  cell  therapy. 
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Abstract 

The  investigations  concerning  medical  staff  exposure  to  electromagnetic  fields  and  induced  currents  hazards 
from  electrosurgery  devices  have  been  completed.  The  exposure  has  been  evaluated  following  the  European 
Directive  2004/40/EC  and  national  occupational  safety  and  health  regulations.  The  main  sources  of  workers 
exposure  are  powered  electrode  and  cables.  Electromagnetic  fields  from  electrosurgery  devices  are  pulsed 
modulated  and  have  heterogeneous  spatial  distribution.  It  has  been  found  that  in  the  vicinity  of  electrosurgical 
devices,  the  area  of  electromagnetic  fields  to  which  only  workers  operating  the  source  of  field  should  be  exposed 
can  exist  up  to  the  distance  of  tens  of  centimetres  from  the  active  electrode  and  supplying  cables.  In  the  case 
when  the  cables  are  placed  directly  on  the  surgeon's  body  the  overexposure  of  workers  can  appear.  The  current 
flowing  through  the  arm  of  surgeon  keeping  the  electrode  emitting  electric  field  of  the  maximum  strength  (app. 
1000  V/m  or  higher)  can  exceed  the  permissible  value  of  40  mA  established  by  the  Directive  2004/40/EC  for 
contact  current.  The  obtained  results  of  measurements  and  suggestions  for  reduction  of  the  surgeon's  exposure 
are  presented. 


Keywords:  electromagnetic  fields,  occupational  exposure,  induced  currents,  electrosurgery. 


Introduction 

Electrosurgery  is  used  for  various  surgical  treatments  -  to  cut  or  to  coagulate  a  patient’s  tissues.  Electromagnetic 
hazards  produced  by  these  apparatus  are  essential  for  a  big  group  of  medical  staff  given  a  common  use  of 
electrosurgery  devices.  Electrosurgery  devices  consist  of  a  generator  (with  output  power  of  up  to  500  W,  but 
usually  the  output  power  used  during  surgical  treatment  is  of  50-150  W),  an  active  (powered)  electrode 
connected  with  the  generator  by  long  cable  and  a  passive  electrode,  fixed  at  a  patient’s  body  and  connected  by 
long  cable  with  “0”  electric  potential  of  the  generator. 

Controllable  surgical  effect  is  a  result  of  the  flow  of  radiofrequency  (RF)  currents  through  the  tissues  of  the  body 
and  local  heating  them.  This  current  is  the  result  of  capacitive  coupling  of  powered  electrode  with  a  patient’s 
body.  Current  can  flow  with  or  without  a  direct  contact  between  the  active  electrode  and  the  body  of  patient  if 
the  potential  of  the  electrode  is  higher  than  200  V  in  the  relation  to  potential  of  the  tissues.  Electric  arc  can  be 
burned  under  the  active  electrode  in  the  case  of  a  higher  potential  of  the  electrode. 

Currents  of  frequency  above  300  kHz  (up  to  approx.  MHz)  are  used  to  avoid  electrical  stimulation  of  tissues. 
The  waveforms  of  electric  potential  and  current  (and  in  consequences,  electromagnetic  field  (EMF)  produced  in 
the  vicinity  of  cables)  depend  on  a  type  of  a  device  and  it's  selected  mode  of  a  device  operation.  As  a  result,  the 
EMF  waveform  changes  from  sinusoidal  (usually  exists  during  cut  mode)  to  pulsed  modulated  (during  different 
coagulation  modes)  -  fig.  1,  and  additionally  it  is  always  pulsed  modulated  by  the  switch-on  and  switch-off 
actions  of  surgeon  which  are  taking  following  surgical  treatment  needs. 

The  sources  of  the  occupational  exposure  are  mainly  [2]: 

the  active  electrode  at  a  high  electric  potential  from  which  the  RF  current  penetrates  the  tissue 

the  cables  connecting  the  generator  with  the  active  electrode,  kept  in  the  hand  by  a  surgeon,  and  with  the 
passive  electrode  (grounded  plate),  mounted  to  the  patient’s  body. 
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The  additional  sources  ofEMF  can  be: 

the  generator  in  the  case  of  not  leakproof  housing  (without  electromagnetic  shield), 

metallic  objects  located  in  the  vicinity  of  the  electrodes  cables  (for  example,  surgical  or  instrumentation's 
tables)  and  which  can  become  secondary  sources  ofEMF. 

The  EMF  is  produced  from  the  moment  of  activation  of  an  electrosurgery  device.  It  may  be  operated  by  foot- 
control  or  through  a  button-control  on  the  handle  of  the  active  electrode. 


Fig.  1.  Examples  ofEMF  waveform  registered  in  the  vicinity  of  electrosurgery  devices:  a)  pure  cut  mode;  b) 
coagulation  “spray”  mode. 


Electrodes  and  supplying  cables  are  sources  of  strong  electric  field  because  of  radiofrequency  (RF)  high  voltage 
between  electrodes.  The  exposure  to  EMF  of  a  surgeon  and  medical  staff  depends  on  the  selected  mode  of  device 
operation,  the  kind  of  active  electrode  used  and  the  location  of  cables  connecting  electrodes  with  generator. 

During  patient’s  treatment,  generator  and  cables  can  be  located  in  various  places  against  to  the  surgical  table  and 
medical  staff  bodies.  It  is  crucial  for  the  level  of  exposure  to  electric  field  and  capacitive  coupling  between 
elements  of  electrosurgery  device  and  the  worker’s  body  and  it  determines  the  level  of  current  flowing  through 
the  worker’s  body,  similarly  to  currents  through  the  patient’s  tissues.  If  the  cables  create  loops,  an  increased 
magnetic  field  exists  also  in  their  vicinity. 

The  surgeon,  who  keeps  the  active  electrode  in  hand,  is  usually  the  most  exposed  person  from  the  team.  The 
hand's  exposure  always  exists,  but  other  parts  of  the  body  can  be  also  exposed  as  a  result  of  the  contact  with 
cables,  e.g.  head's  or  torso's  EMF  exposure. 


Methods 

The  EMF  measurements  have  been  performed  to  assess  the  medical  staff  exposure  to  EMF  during  the  use 
electrosurgery  devices  [2],  The  measurements  of  RMS  electric  and  magnetic  field  strength  have  been  conducted 
according  to  the  Polish  Standard  PN-T-06580:2002  [6],  Broadband  electric  and  magnetic  field  strength  meter 
EMR  300  from  Wandel  &  Goltermann  with  H-field  probe  type  13  (0.02-250  A/m;  300  kHz  -  30  MHz)  and  E- 
field  probe  type  8  (1-800  V/m;  100  kHz  -  3  GHz)  has  been  used.  The  obtained  results  have  been  evaluated 
according  to  the  Polish  national  regulations  concerning  the  limitation  of  occupational  exposure  to  EMF  of  0  Hz  - 
300  GHz  frequency  range  [5,  7],  This  regulation  stated  that  the  worker’s  exposure  assessment  should  be 
performed  on  the  results  of  the  spot  measurements  of  RMS  value  of  unperturbed  (it  means  existing  in  the 
workplace  during  the  absence  of  workers)  electric  and  magnetic  field  strength  (the  maximum  result  of 
measurements  over  the  worker’s  body  position  in  the  workplace). 

Additionally,  the  investigated  EMF  exposure  of  medical  staff  has  been  analysed  following  the  internationally 
published  limitations  [5],  European  Directive  2004/40/EC  [1],  ICNIRP's  guidelines  [3]  and  IEEE  standard  [4]. 
According  to  the  European  Directive,  workers'  exposure  assessment  should  be  performed  on  the  results  of 
measurements  of  RMS  value  of  unperturbed  (existing  in  the  workplace  during  the  absence  of  workers)  electric 
and  magnetic  field  strength  averaged  over  the  workers  body  position  and  averaged  for  particular  time,  which 
depends  on  the  frequency  of  assessed  fields.  For  example,  for  the  EMF  of  the  frequency  100  kHz  -  10  GHz,  E 
and  H  should  be  averaged  within  any  6  minutes  of  worker's  exposure  and  E2  and  H2  should  be  averaged  over  the 
worker's  body  position.  Electric  field  strength  (E)  and  magnetic  field  strength  ( H)  were  included  into  the  set  of 
the  Directive’s  “action  values”,  which  were  defined  as  the  set  of  external  measures,  which  can  be  used  to 
describe  the  EMF  exposure  for  testing  and  roughly  assessing  environmental  conditions  in  the  workplace.  The 
exposure  results  inside  exposed  body,  which  were  taken  as  “exposure  limit  values”  (internal  measures)  refer  to 
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the  physical  quantities  as  current  density  (J)  and  specific  energy  absorption  rate  (SAR)  should  be  considered  in 
the  case  of  environmental  exposure  conditions  exceeding  above-mentioned  "action  values".  Additionally, 
Directive’s  provisions  refer  to  contact  current  (7C)  and  limb  induced  current  (/L),  which  can  be  also  used  for 
testing  the  compliance  with  "exposure  limit  values". 

Exposure  limitation  in  the  frequency  range  of  EMF  produced  by  electrosurgery  devices  established  by  Polish 
national  regulations  and  European  Directive  is  shown  in  table  1 . 


Table  1. 


Electric  and  magnetic  field  strength  -  exposure  limitation  established  in  Poland  [6]  and  by  European  Directive’s 
“action  values”  [1]. 


Frequency  range 

Exposure  limitation  in  Poland 

Directive  2004/40/EC 

Electric  field  strength,  E 

[V/m] 

Magnetic  field  strength,  H 

[A/m] 

Electric 

field 

strength,  E 

[V/m] 

Magnetic 

field 

strength,  E[ 

[A/m] 

prohibited 

exposure 

8 -hours 
exposure 

prohibited 

exposure 

8 -hours 
exposure 

300  kHz  </<  800  kHz 

1000 

100 

100 

10 

610 

1.6/ 

0.8  MHz  </<  1  MHz 

1000 

100 

80// 

8/ 

610 

1.6/ 

1  MHz  </<  3  MHz 

1000 

100 

80/ 

8/ 

610/ 

1.6/ 

/  -  frequency  in  MHz 


Measurements  of  RMS  current  flowing  through  surgeon’s  hand  (fig.  2)  keeping  the  active  electrode  (Holaday 
HI-3702  clamp-on  meter)  and  through  feet  (Narda  8850  stand-on  meter)  have  been  also  conducted.  These 
currents  are  the  results  of  coupling  between  element  with  high  electric  potential  (active  electrode  or  cable)  and 
workers  body.  This  current  should  be  considered  rather  as  induced  current  than  contact  current. 


Fig.  2.  The  clamp-on  meter  measurements  of  the  current  in  surgeon's  hand. 


The  assessment  of  these  quantities  may  be  carried  out  following  the  permissible  values  as  specified  in  Directive 
2004/40/EC  [1]  and  in  ICNIRP  guidelines  [3]  for  contact  current  or  permissible  values  for  induced  current  in  the 
feet  specified  in  IEEE  standard  [4].  The  Directive’s  criteria  for  induced  current  in  limbs  are  not  given  for 
frequency  below  10  MHz.  Polish  regulations  don’t  refer  directly  to  current  inside  workers  body.  Exposure 
limitation  of  contact  and  induced  current  in  the  frequency  range  of  EMF  produced  by  electrosurgery  devices 
established  by  European  Directive  and  IEEE  standard  is  shown  in  table  2. 
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Table  2. 


Contact  and  induced  current  -  exposure  limitation  established  by  European  Directive  [1]  and  by  IEEE  [4], 


Directive  2004/40/EC 

IEEE 

Frequency  range 

Contact 
current,  Ic 

[mA] 

Limb 
induced 
current,  IL 

Contact  current, Ic 

[mA] 

Induced  current  in  feet,  IL 

[mA] 

[mA] 

for  touch 

for  grasp 

each  foot 

both  feet 

100  kHz  </<  10  MHz 

40 

not 

specified 

50 

100 

100 

200 

10  MHz  </<  110  MHz 

40 

100 

50 

100 

100 

200 

Measurements  were  performed  for  more  than  30  types  of  common-used  electrosurgery  devices:  various  types  of 
ERBE,  Aesculap,  Bovie,  Valleylab  and  Olympus  operated  in  the  various  modes.  The  output  power  during 
investigations  (approx.  100-150  W)  was  a  little  higher  than  during  normal  work  to  obtain  results  representing  the 
worst  case  of  workers  exposure  conditions. 

For  the  technical  reasons,  measurements  have  been  performed  during  a  simulated  operation  -  absorbent  cotton 
with  saline  has  been  used  as  phantom  equivalent  to  the  patient’s  body. 


Results 

The  results  obtained  have  shown  that  the  surgeon  is  usually  exposed  to  non-homogenous  electric  field.  Metallic 
objects,  which  are  in  the  operating  theatre  influence  on  spatial  distribution  of  electric  field.  The  level  of  exposure 
of  medical  staff  can  be  changed  by  2-3-  fold  depending  on  the  location  of  these  objects. 

In  the  worst  case  implying  the  use  of  a  monopolar  electrode  and  non-shielded  cables  surgeon’s  hand  keeping  this 
electrode  can  be  exposed  to  electric  field  exceeding  1000  V/m,  head  and  torso  up  to  a  few  tens  V/m  (fig.  3). 
When  the  cables  touch  the  surgeon’s  body  then  the  torso  exposure  is  stronger,  up  to  the  level  of  the  exposure  of 
hand  keeping  electrode. 

Near  electrosurgical  devices,  the  area  of  electric  field  strength  exceeding  10  V/m  can  exist  up  to  the  distance  of 
70-100  cm  from  the  active  electrode  and  supplying  cables. 

Magnetic  field  in  the  nearest  distance  of  electrodes  and  cables  (5-10  cm)  is  usually  below  1  A/m. 

For  the  operation  with  output  power  less  than  50  W  or  with  the  use  of  bipolar  electrode,  electric  field  exposing 
the  hand  is  less  than  80  V/m  and  less  than  30  V/m  in  the  case  of  head  and  torso  exposure. 

Electric  field  around  the  housing  of  the  generator  with  effective  EMF  shielding  is  below  30  V/m  during  the  use 
of  both  kinds  of  electrodes. 


Fig  3.  The  examples  of  surgeon’s  exposure  to  electric  field  during  the  use  of  various  electrosurgery  devices 
(output  power  100-150  W,  a  monopolar  active  electrode,  cables  far  from  the  torso  and  head). 
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The  execution  of  electrosurgical  treatment  with  an  electric  arc  burned  under  the  active  electrode  lead  to 
significant  increase  of  electric  field  affecting  on  medical  staff.  The  level  of  exposure  during  electric  arc-surgery 
can  be  4-fold  higher  in  comparison  to  the  operation  without  arc  (fig.  4). 

Waveform  of  EMF  as  well  as  the  level  of  exposure  in  the  vicinity  of  active  electrode  and  supplying  cables 
depend  on  the  mode  of  electrosurgery  devices  operation.  Figure  5  illustrates  how  electric  field  strength  from  the 
same  electrosurgical  device  depends  on  it's  selected  mode. 


Fig.  4.  The  examples  of  registration  of  electric  field  strength  in  the  vicinity  of  active  electrode: 
a)  cut  mode  without  burned  electric  arc;  b)  cut  mode  with  burned  electric  arc. 
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Fig  5.  Examples  of  registration  of  electric  field  strength  in  the  vicinity  of  electrosurgery  device  -  various  modes 
of  operation:  a)  cut  ’’pure”;  b)  cut  “blend”;  c)  coagulation  ,,desicate”;  d)  coagulation  „fulgurate”;  e)  coagulation 
„spray”;  f)  cut  ,,pure”  with  argon;  g)  cut  „blend”  with  argon;  h)  coagulation  „spray”  with  argon. 


The  results  presented  indicate  the  possibility  of  a  high  exposure  of  the  surgeon’s  hand  in  the  case  of  keeping  the 
active  electrode  or  touching  the  cable  to  forearm.  Measurements  of  current  in  surgeon’s  body  may  be  used  for 
additional  assessment  of  exposure  conditions  and  internal  results  in  exposed  body.  The  investigations  carried  out 
show,  for  example,  that  current  in  the  hand  keeping  the  active  electrode  can  be  of  order  5-18  mA  in  the  case  of 
electric  field  strength  of  approx.  70  V/m  in  the  distance  of  5-10  cm  from  a  monopolar  active  electrode  (fig.  6), 
and  significantly  depends  on  the  location  of  cable  towards  the  hand. 

Current  in  the  feet  of  surgeon,  insulated  by  shoes  from  ground  and  without  direct  contact  with  cables,  is  below 
20  mA  when  electric  field  strength  in  the  vicinity  of  monopolar  active  electrode  is  approx.  250  V/m.  Taking  into 
account  the  possibility  of  exposure  to  a  stronger  field  (app.  1000  V/m  or  even  higher)  or  a  contact  of  the  body 
with  the  cables,  the  current  flowing  through  the  arm  of  surgeon  keeping  the  electrode  can  exceed  the  permissible 
values  established  in  the  Directive  2004/40/EC  for  contact  current  (40  mA). 

The  results  obtained  also  indicate  that  current  measured  by  clamp-on  meter  in  the  hand  keeping  the  active 
electrode  is  approx.  2-fold  higher  than  current  measured  by  stand-on  meter  in  the  feet. 
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Fig  6.  The  examples  of  registration  of  current  in  surgeon’s  hand  exposed  to  EMF  from  the  electrode's  cable. 


The  conclusive  assessment  of  surgeons  exposure  to  EMF,  presenting  compliance  with  European  Directive 
provisions  concerning  internal  measures  (“exposure  limit  values”),  will  be  possible  after  publishing  harmonised 
European  standards.  These  standards  should  fixed  in  details  the  protocol  for  measurements  or  calculations, 
necessary  for  such  exposure  assessment.  The  numerical  simulations  for  the  verification  of  the  compliance  of 
particular  EMF  exposure  scenarios  with  the  Directive  provisions  need  the  use  of  a  high  resolution  of  the 
worker’s  body  models  and  an  adequate  representation  of  the  workplace  environment.  For  the  electro-surgeon's 
EMF  exposure,  the  conditions  such  as  calculations  for  particular  exposure  situations  need  high  professional 
skills,  specialised  software  and  they  are  very  often  time-consuming.  The  basic  problems  identified  during  pilot 
calculations  are:  the  representation  of  the  realistic  posture  of  worker's  body,  the  adequate  representation  of  the 
electrical  grounding  conditions  at  the  workplace  and  the  adequate  representation  of  realistic  impedance  of  near- 
field  produced  by  electrosurgery  devices,  as  well  as  it's  dynamic  changes  in  the  course  of  surgery  treatment. 

The  additional  problem  with  assessment  of  measurements  results  can  appear  for  highly  modulated  EMF,  when 
the  properties  of  the  used  EMF  meters  calibrated  in  harmonic  field  cannot  be  relevant  to  such  field's 
measurements  and  then  the  use  of  correction's  factors  taking  into  consideration  the  waveform  of  incident  fields 
should  be  recommended.  It  was  analysed  for  various  kinds  of  modulations  of  EMF  produced  by  various  devices 
examined  that  the  value  of  the  measurement's  uncertainty  component  coming  in  consequences  of  measurements 
of  modulated  fields  in  the  case  of  common  electrosurgery  devices  can  be  on  the  level  of  50%.  It  is  possible  to 
find  both  effects,  overestimation  and  underestimation  in  the  EMF  strength  measurement's  results. 


Conclusion 

In  consideration  of  a  necessity  to  keep  the  active  electrode  in  the  hand,  complete  elimination  of  surgeon's 
exposure  to  strong  electric  field  is  impossible.  The  reduction  of  the  surgeon's  exposure  can  be  reached  by  the 
proper  positioning  of  the  cables  supplying  a  monopolar  electrode.  The  exposure  of  others  persons  from  medical 
staff  is  relatively  weak  if  they  don’t  have  a  direct  contact  with  cables.  In  the  worst  case  of  cable's  location  and 
electrosurgery  devicee's  output  power,  the  EMF  overexposure  can  occur.  The  surgeon’s  EMF  exposure 
assessment  for  the  case  of  the  use  of  a  monopolar  electrode  should  be  completed  with  measurements  or 
calculation  of  currents  flowing  through  the  body. 

The  results  of  the  investigations  presented  show  that  the  effective  reduction  of  the  surgeon  exposure  can  be 
obtained  by  keeping  cables  between  the  generator  and  the  surgeon’s  hand  without  a  contact  with  the  bodies  of 
workers.  Cables  located  at  the  surgical  table  decrease  the  surgeon’s  exposure  but  increase  the  influence  of 
electric  field  on  other  medical  workers  (e.g.  nurses).  A  compromise  is  indispensable  in  that  situation.  A  radical 
reduction  of  the  EMF  exposure  level  is  possible  by  the  use  of  the  bipolar  electrode  if  a  kind  of  surgical  treatment 
allows  for  that.  Avoiding  work  with  burned  electric  arc  under  the  electrode  reduces  the  exposure  of  personnel, 
too. 

If  weak  electric  field  near  the  electrode  is  found  (usually  in  the  case  when  output  power  is  approx.  50  W  or  less, 
the  use  of  bipolar  electrodes  or  shielded  cables)  measurements  of  electric  field  strength  can  be  considered  as 
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sufficient  to  confirm  a  low  level  of  exposure  there.  The  measurements  uncertainty  and  the  consequences  of  a 
high  modulation  of  EMF  from  electrosurgery  devices  for  the  measurement's  results  should  be  analysed  very 
carefully  in  every  case  when  a  relatively  high  level  of  exposure  is  found  at  the  workplace. 
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Abstract 

For  this  paper,  we  directed  our  attention  to  the  free-space  method  using  a  dielectric  lens  antenna,  using  this 
method  to  measure  the  permittivity  of  a  cow’s  blood  in  the  millimeter-wave  band.  We  confirmed  that 
measurement  results  under  this  method  were  in  agreement  with  measurement  results  obtained  by  the  coaxial 
probe  method;  here  we  report  on  the  measurement  results  up  to  65  GHz. 


Introduction 

Recently,  utilized  frequency  band  has  been  extended  to  higher  frequency  region  including  millimeter-wave  band. 
The  electromagnetic  dosimetory  is  therefore  required  in  the  millimeter-wave  band.  This  area  of  study  deals  with 
a  simulation  of  exposure  and  a  calculation  of  internal  field  within  an  exposed  human  body.  A  permittivity  of  a 
tissue  is  required  for  electromagnetic  dosimetry  and  it  well  known  that  the  permittivities  of  the  biological  tissues 
have  frequency  dispersion.  Under  these  backgrounds,  a  great  number  of  measurement  methods  of  dielectric 
constants  have  been  studied  in  various  frequency  bands  [l]-[3].  However,  few  studies  on  permittivities  of 
biological  tissues  have  been  reported  in  millimeter-wave  band.  Therefore  strong  demands  for  measurement  of 
the  dielectric  constants  of  biological  tissues  in  the  millimeter- wave  band  exist. 

In  this  study,  we  gave  attention  to  a  free  space  method  using  a  lens  antenna  [4]  and  measured  dielectric  constants 
of  cow’s  whole -blood  samples  from  33  GHz  to  65  GHz.  As  a  result,  these  were  in  good  agreement  with  those 
measured  by  an  alternative  method  (coaxial  probe  method).  The  result  suggests  that  the  proposed  method  can  be 
used  for  permittivity  measurement  of  a  biological  tissue  in  millimeter- wave  band  even  higher  than  65  GHz. 


Measurement  theory 

We  used  the  multi-line  model  for  determining  a  complex  coefficient  of  a  surface  of  a  liquid.  We  defined  a 
measured  cascade  matrix  of  the  glass  of  measured  scattering  parameter. 

(S2lS2l-SuS22)  SU1 

-s22  ij 

The  measured  cascade  matrix  can  be  also  be  written  as 

=  (2) 


Where  cascade  matrix  [i?r]and  [R  s]  represent  reflection  coefficient  of  the  glass  and  of  the  sample.  If  we 

neglect  the  reflection  wave  from  the  bottom  of  the  holder,  we  can  relate  the  complex  permittivity  of  a  liquid  to 
the  complex  reflection  coefficient.  So  from  scattering  parameter  measurements,  we  determine  the  complex 
permittivity  of  the  sample  within  the  holder. 
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Measurement  method 


(a)  Composition 


(b)  picture 


Fig.l.  Composition  and  picture  of  sample  holder. 


Fig. 2.  Picture  of  measurement  set-up. 

Figures  1  and  2  show  a  measurement  set  up  and  a  sample  holder,  respectively.  As  shown  in  Fig. 2,  a  liquid  agent 
is  hold  with  an  optical  glass  and  a  tank  made  from  a  stainless  steel.  This  measurement,  as  shown  in  Fig.  1,  an 
electromagnetic  wave  generated  by  a  VNA  (Vector  Network  Analyser)  is  transmitted  from  the  lens  antenna  to  a 
test  sample  held  by  the  sample  holder.  The  lens  antenna  then  receives  a  reflected  wave  (Sn)  from  the  sample. 
These  waves  and  T-parameter  of  the  optical  glass  are  then  used  to  calculate  the  complex  permittivity  of  the 
sample.  Since  in  this  measurement  the  metal  plate  of  the  holder  and  deformation  of  the  liquid  surface  on  the  top 
surface  of  the  holder  may  result  in  measurement  errors,  a  high-directivity  lens  antenna  [4]  was  used,  as  well  as  a 
65-cm2  holder  (sufficiently  large  for  the  test  irradiation  area).  Calibration  was  carried  out  via  TRL  (Through- 
Reflection-Line),  which  does  not  require  any  open  and  load  standards  [5].  The  room  temperature  and  the 
temperature  of  the  blood  during  measurement  were  approximately  24°C  and  22°C,  respectively. 
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Measurement  results 

The  permittivity  of  the  blood  of  a  cow  was  measured  using  the  sample  holder  and  the  measurement  set-up 
mentioned  above.  Fig.  3  shows  the  measurement  results  using  the  above  set-up  as  well  as  measurement  results 
using  the  coaxial  probe  method.  Note  that  although  the  lens  antenna  used  in  measurement  is  functional  in  the 
frequency  range  from  18  GHz  to  110  GHz,  it  features  a  cut-off  frequency  because  it  is  connected  to  the  VNA 
through  a  coaxial  waveguide  converter.  Measurement  was  therefore  performed  using  two  types  of  waveguide, 
the  WR22  and  the  WR15. 

The  measurement  results  using  the  WR22  and  those  using  the  probe  method  showed  agreement,  confirming  that 
the  measuring  method  proposed  in  this  paper  enables  millimetre -wave  band  measurement  of  the  permittivity  of  a 
biological  tissue.  Moreover,  permittivity  in  a  range  from  50  GHz  to  65  GHz  (difficult  to  measure  with  existing 
coaxial  probes)  was  measured  by  changing  to  the  WR15  waveguide.  As  a  result,  the  measurement  results  agree 
with  those  of  the  above-mentioned  WR22  (with  a  difference  of  approximately  5%);  we  thus  concluded  that  the 
experiment  successfully  demonstrated  the  possibility  of  measuring  the  permittivity  of  a  biological  tissue  using  a 
wide  range  of  frequencies.  We  inferred  that  the  difference  noted  above  was  most  likely  brought  about  due  to 
factors  such  as  variation  in  liquid  temperature  and  absorption  of  water  in  the  liquid  agent. 


Conclusion 

For  this  paper,  we  directed  our  attention  to  the  free-space  method  using  a  dielectric  lens  antenna,  using  this 
method  to  measure  the  permittivity  of  the  blood  in  millimeter-wave  band.  Based  on  our  results,  we  confirmed 
that  the  measurement  values  obtained  under  this  method  were  in  agreement  with  the  measured  values  obtained 
by  the  coaxial  probe  method,  demonstrating  that  this  method  is  appropriate  for  the  measurement  of  permittivity 
of  a  biological  tissue  in  the  millimeter-wave  band.  Investigation  of  changes  in  liquid  temperature  remains  as 
issues  to  be  resolved  in  the  future. 
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Abstract 

The  increasing  number  of  mobile  phone  base  stations  in  Germany  is  associated  with  concerns  in  the  population 
that  the  electromagnetic  fields  (EMF)  could  have  adverse  effects  on  health  and  well-being.  The  aim  of  the  study 
was  to  investigate  the  association  between  EMFs  of  a  UMTS-mobile  phone  base  station  and  health  of  office 
workers. 

A  newly  installed  UMTS  (Universal  Mobile  Telecommunications  System)  -  base  station  was  in  a  double  blind 
fashion  randomly  turned  on  and  off  for  24-hours  over  a  period  of  three  months.  Using  an  online  questionnaire 
participants  (n  =  95)  indicated  their  health  at  the  beginning  and  the  end  of  each  working  day.  In  addition, 
participants  assessed  whether  the  base  station  was  turned  on  or  off. 

No  evidence  for  an  association  between  the  exposure  of  the  mobile  phone  base  station  and  health  of  the 
participants  was  found.  However,  when  the  participants  thought  that  the  base  station  was  turned  on  they 
indicated  statistically  significant  more  health  complaints. 

On  the  basis  of  the  results  of  the  study  no  association  between  the  exposure  to  an  UMTS  base  station  and  health 
could  be  shown.  A  follow-up  study  with  a  larger  sample  of  the  general  population  and  personal  dosimetry  woidd 
be  desirable. 


Introduction 

Proliferation  of  mobile  phone  base  stations  enables  more  and  more  people  worldwide  to  use  new 
telecommunication  systems.  However,  many  people  are  concerned  about  possible  adverse  health  effects  of  the 
electromagnetic  fields  emitted  by  cellular  phones  and  mobile  phone  base  stations,  even  if  exposure  levels  are  far 
below  those  recommended.  (Bavarian  State  Ministry  of  the  Environment,  Public  Health  and  Consumer 
Protection,  2003).  In  Germany,  introduction  of  UMTS  (Universal  Mobile  Telecommunications  System)  requires 
installation  of  15.000  new  base  stations.  One  reason  for  the  concern  about  health  effects  of  mobile  phone  base 
stations  is  the  inability  of  neighbouring  residents  to  regulate  the  duration  and  timing  of  these  electromagnetic 
fields  (Revermann  2003). 

Despite  the  concerns,  few  studies  of  the  effects  of  exposure  to  mobile  phone  base  stations  have  been  published. 
Published  studies  -  e.g.  by  Santini  et  al.  (2002)  and  Navarro  et  al.  (2003)  -  have  numerous  methodological 
problems,  so  that  their  results  are  likely  to  be  biased.  The  main  issue  is  the  valid  exposure  assessment,  and  it  was 
not  fully  resolved  in  the  pilot  study  of  Hutter  et  al.  (2002),  who  measured  exposure  to  the  base  stations  in  the 
participants'  bedrooms.  Level  of  electromagnetic  emissions  of  a  mobile  phone  base  station  varies  over  time, 
making  it  difficult  to  capture  accurately.  To  date,  specific  variation  of  the  exposure  over  time  has  only  been 
possible  in  laboratory  studies. 
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Thus,  the  effects  of  UMTS  exposure  on  human  health  and  well-being  have  only  been  investigated  in  laboratory 
settings.  Zwamborn  et  al.  (2003)  exposed  people  who  reported  sensitivity  to  radio-frequency  waves 
(electrosensitive  group)  and  a  control  group  to  a  1  V/m  field  at  900  MHz  and  1800  MHz  by  replicating  GSM 
fields,  and  also  2100  MHz  UMTS  fields.  The  study  found  a  statistically  significant  association  between  the 
UMTS  fields  and  well-being  for  both  groups.  By  contrast,  no  effect  was  seen  for  the  GSM  frequencies  at  900 
and  1800  MHz.  However,  a  Swiss  follow-up  study  did  not  confirm  these  results  (Regel  et  al.  2006).  In  a  double 
blind  provocation  study  (900  MHZ  GSM  mobile  phone  signal),  Rubin  et  al.  (2006)  tested  persons  reporting 
electrosensitivity  and  controls  but  found  no  evidence  either  for  the  ability  of  electrosensitive  people  to  detect 
such  signals  or  of  any  increased  symptom  severity  among  them. 

Within  the  feasibility  study  presented  here,  a  newly  installed  UMTS  mobile  phone  base  station  could  be  used  for 
study  purposes  over  a  period  of  three  months.  The  aim  of  this  double-blind  experiment  was  to  investigate 
whether  the  electromagnetic  fields  of  a  UMTS  base  station  influence  the  well-being  of  office  employees  working 
in  its  proximity.  In  addition,  it  should  be  taken  into  consideration  in  what  way  psychological  factors  like  causal 
attribution  are  involved. 


Material  and  Methods 


The  study  took  place  from  September  to  December  2003. 


Participants 

Overall  104  employees  of  the  Bavarian  Environmental  Agency  participated  in  the  study.  Of  them,  95  participants 
(67  male  and  28  female),  age  between  26  and  62  years  (median  =  40),  answered  the  questionnaire  in  the  morning 
and  in  the  evening  on  at  least  25  percent  of  the  70  days  of  the  study  and  could  thus  be  included  in  the  analyses. 
Of  these  95  participants,  71  (75  %)  completed  the  daily  questionnaires  on  at  least  42  out  of  the  70  working  days 
(60  %).  Reasons  for  questionnaire  non-completion  were  holidays,  work  outside  the  agency  or  sickness  leaves. 
Most  of  the  participants  had  a  high  level  of  education  (university  degree  or  doctoral  level).  All  subjects  gave 
their  written  informed  consent  to  the  participation. 


Study  design 

The  UMTS-mobile  phone  base  station  was  installed  in  summer  2003  on  the  roof  of  the  Bavarian  Environmental 
Protection  Agency.  The  mobile  phone  base  station  was  switched  on  or  off  (control  days)  for  one,  two  or  three 
consecutive  business  days.  The  number  of  exposure  and  control  days  was  equal  (n  =  35  each).  We  thus  created 
six  different  exposure  conditions,  which  differed  by  operating  status  (on,  off)  and  duration  (one  to  three  days). 
Differing  duration  of  the  UMTS-exposure  would  enable  to  assess  its  potential  cumulative  effects  on  health. 


Double -blinding 

Several  measures  were  taken  to  ensure  the  double-blind  design.  The  operating  status  of  the  base  station  was 
chosen  randomly  from  three  possible  versions.  The  power  of  the  base  station  was  recorded  over  the  study  period, 
with  notebook  and  record  located  in  a  closed  room.  A  modification  on  the  software  of  the  base  station 
guaranteed  that  the  operating  status  of  the  base  station  could  not  be  received  by  a  mobile  phone.  In  addition,  the 
base  station  had  its  own  electricity. 


Exposures 

The  mobile  phone  base  station  manufactured  by  Kathrein  (type  K742  212)  transmitted  the  UMTS  signal  with  a 
mean  frequency  of  2167,1  MHz,  5  MHz  frequency  range  und  a  transmitting  power  of  20  W.  With  the  downward 
tilt  of  the  antenna  of  8°  it  was  possible  to  achieve  maximum  exposure  level  in  the  office  building. 

The  UMTS  exposure  of  the  participants  differed  by  the  location  of  their  offices  in  the  building.  Exposure 
measurements  were  carried  out  in  the  empty  offices  of  all  participants  on  weekends  with  base  station  turned  on. 
Measurements  were  done  by  a  physicist  of  the  Bavarian  Environmental  Agency.  The  UMTS  exposure  in  the 
offices  ranged  from  0.05  V/m  (detection  limit)  to  0.53  V/m.  The  mean  level  was  0.10  V/m  (standard  deviation 
0.09  V/m). 
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Questionnaire 

Using  an  online  questionnaire,  participants  indicated  their  health  condition  at  the  beginning  and  the  end  of  each 
working  day.  The  questionnaire  contained  items  on  health  complaints  that  were  used  in  connection  with 
electromagnetic  fields  in  several  publications  (Berg  et  al.  2004,  David  et  al.  2002,  Frick  et  al.  2002,  Hietanen  et 
al.  2002,  Hillert  et  al.  1999,  Roosli  et  al.  2004).  A  summary  of  the  items  is  shown  in  table  1.  In  addition, 
participants  were  asked  to  guess  whether  the  base  station  was  on  or  off. 


Table  1:  Online-questionnaire  used  to  evaluate  health  symptoms  and  the  mean  scores  (M)  and  standard 
deviations  (SD)  of  the  score  differences  between  morning  and  afternoon  score,  listed  by  operating  status  of  the 
mobile  phone  base  station  (on  or  off) 


Question:  „How  intensively  did  you  experience  the  following  health  complaints  today  since  you  started  working 
this  morning?  “ 


Answer  categories:  rarely-slightly-somewhat  -strong-very  strong 

M  (SD)  ] 

MBS  switched  off 

MBS  switched  on 

P 

concentration  problems 

0.090  (0.217) 

0.138 

(0.211) 

mmm 

lack  of  energy 

0.037  (0.566) 

0.065 

(0.230) 

Wi 

headache 

0.128  (0.274) 

0.152 

(0.214) 

Hk?; 

neck  and  shoulder  pain 

0.044  (0.194) 

0.067 

(0.182) 

mSm&i 

strong  perspiration 

0.008(0.143) 

0.029 

(0.138) 

0.181 

dejection 

0.002  (0.179) 

0.018 

(0.129) 

0.172 

feeling  of  pressure  at  the  ear 

0.010(0.135) 

0.022 

(0.134) 

0.616 

tinnitus 

0.020(0.126) 

0.032 

(0.151) 

0.075 

breathing  difficulties 

-0.004  (0.077) 

0.007 

(0.039) 

0.165 

lack  of  appetite 

0.000  (0.084) 

0.003 

(0.075) 

0.563 

paraesthesia 

0.015  (0.120) 

0.017 

(0.106) 

0.978 

dry  skin 

0.006(0.143) 

0.008 

(0.128) 

0.685 

allergic  disorders 

-0.005  (0.055) 

-0.003 

(0.055) 

0.782 

restlessness 

0.020  (0.327) 

0.021 

(0.143) 

0.371 

cardiac  symptoms 

-0.001  (0.056) 

0.000 

(0.064) 

0.699 

nervousness 

0.020  (0.206) 

0.020 

(0.129) 

0.674 

irritability 

0.022  (0.245) 

0.021 

(0.123) 

0.448 

dizziness 

0.018  (0.058) 

0.015 

(0.066) 

0.604 

feeling  of  anxiety 

-0.005  (0.220) 

-0.009 

(0.075) 

0.237 

limb  pain 

0.012  (0.101) 

0.003 

(0.098) 

0.202 

back  pain 

0.051  (0.171) 

0.042 

(0.186) 

0.494 

Statistical  analyses 

Complaints  were  assessed  on  a  five-point  Likert  scale:  “rarely”  =  1,  “slightly”  =  2,  “somewhat”  =  3,  “strong”  = 
4,  “very  strong”  =  5.  In  order  to  assess  the  change  in  well-being  during  the  day,  the  score  difference  between 
morning  and  afternoon  was  calculated.  The  overall  level  of  well-being  was  calculated  as  the  sum  of  answers  to 
the  21  questionnaire  items.  Higher  score  indicated  worse  well-being.  The  absolute  change  in  the  overall  score 
over  the  working  day  was  calculated  as  the  difference  between  morning  and  afternoon  score. 

We  used  two  sided  t-tests  for  paired  samples  and  ANOVA  to  examine  the  research  questions  of  this  study. 
Statistical  analyses  were  carried  out  using  SPSS  11.5. 
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Results 

On  average,  the  well-being  decreased  slightly,  but  not  significantly,  over  the  course  of  the  working  day.  As 
shown  in  table  1,  the  mean  symptom  score  did  not  differ  statistically  significantly  over  the  working  day  between 
exposure  and  control  days.  In  order  to  study  a  potential  accumulation  of  effects,  the  mean  change  in  symptom 
scores  over  a  series  of  1,  2  or  3  days  with  exposure  was  compared  with  sham-exposure  (table  2).  The  ANOVA 
did  not  indicate  statistically  significant  differences  between  the  exposure  conditions,  (operating  status:  F  =  1,36, 
p  =  0,35;  duration:  F  =  0,66,  p  =  0,52;  interaction:  F  =  0,37,  p  =  0,69). 

In  contrast,  the  mean  symptom  score  was  significantly  higher  if  the  participants  considered  the  base  station  to  be 
switched  on  (M  =  1,93;  SD  =  2,49)  than  on  days  they  considered  unexposed  (M  =  0,16;  SD  =  0,95;  T  (77)  =  - 

6,66,  p<  0,01). 


Table  1:  Mean  scores  (M)  und  standard  deviations  (SD)  of  the  overall  score  differences  from  all  participants 
dependant  on  the  exposure  of  the  mobile  phone  base  station  (MBS) 

(n  =  90  due  to  missing  values) 


MBS  switched  off 

MBS  switched  on 

1  day 

2  days 

3  days 

1  day 

2  days 

3  days 

M 

0,54 

0,47 

0,64 

0,77 

0,56 

0,65 

SD 

(1,48) 

(1,19) 

(2,14) 

(1,26) 

(1,37) 

(1,63) 

Discussion 

We  aimed  to  investigate  the  association  between  electromagnetic  fields  of  a  UMTS  mobile  phone  base  station 
and  health  complaints  reported  by  office  workers.  A  newly  installed  base  station  was  in  a  double  blind  design 
randomly  turned  on  and  off  for  24-hours  over  a  period  of  three  months.  95  office  workers  participated  in  this 
field  experiment  and  reported  health  status  daily  using  an  online  questionnaire. 

No  evidence  for  an  association  between  UMTS  mobile  phone  base  station  exposure  and  self-reported  health 
complaints  was  found.  In  general,  the  reported  complaints  increased  over  of  the  working  day.  This  increase  was 
associated  neither  with  exposure  presence  nor  with  its  duration.  These  findings  are  in  agreement  with  previous 
provocation  studies,  which  used  different  frequencies  (Andersson  et  al.  1996,  David  et  al.  2002,  Hietanen  et  al. 
2002,  Koivisto  et  al.  2001,  Lyskov  et  al.  2001,  Radon  and  Maschke  1998,  Regel  et  al.  2006,  Rubin  et  al.  2006). 
As  this  was  a  pilot  study  including  a  relatively  small  sample  the  results  can  not  be  generalized. 

Only  the  association  of  perceived  exposure  condition  with  health  was  statistically  significant.  This  might  be 
interpreted  as  an  incorrect  attribution,  which  strongly  emphasises  the  importance  of  using  (double-)  blind  designs 
in  corresponding  research.  This  effect  has  also  been  shown  in  studies  on  EMF  and  health  complaints  (Andersson 
et  al.  1996,  Bergqvist  et  al.  1998,  Harlacher  und  Schahn  1998,  Hillert  und  Kolmodin-Hedman  1997). 

One  advantage  of  our  study  was  the  objective  exposure  assessment.  However,  as  only  exposure  in  the  workplace 
was  taken  into  account  exposure  assessment  was  incomplete.  This  problem  might  only  be  overcome  with 
personal  dosimetry  (Radon  et  al.  2006).  Overall  exposure  levels  in  our  study  were  comparable  to  those  found  in 
other  studies  (Schiiz  and  Mann  2000,  Bernkopf  2004). 

The  results  of  this  pilot  study  show  feasibility  of  using  online  questionnaire.  However,  an  investigation  with 
online  questionnaire  is  only  possible  in  a  specific  Internet-using  population,  like  office  workers.  In  a  follow-up 
study  it  could  be  useful  to  employ  a  CAPI  (computer  assisted  personal  interview).  Also  the  use  of  a  PDA 
(Personal  Digital  Assistant)  and  Handheld-computer  might  be  feasible  as  recently  shown  by  Schreckenberg  and 
Guski  (2005). 

Overall,  the  results  of  this  study  show  that  the  online  questionnaire  developed  is  practicable.  The  questionnaire 
instmment  is  capable  to  register  health  complaints.  No  evidence  for  an  association  between  exposure  to  mobile 
phone  base  station  and  self-reported  health  complaints  was  found.  However,  well-being  depended  on  the  self- 
reported  exposure  condition.  This  might  indicate  an  incorrect  attribution,  which  strongly  emphasises  the 
importance  of  using  (double-)  blind  designs  in  corresponding  research.  A  follow-up  study  with  a  larger  sample 
of  the  general  population  and  personal  dosimetry  would  be  desirable. 
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Abstract 

The  purpose  of  this  study  is  to  investigate  the  effects  of  microwave  exposure  on  biological  free  radical 
production,  focusing  especially  on  mobile  radio  frequencies.  In  vitro  experiments  for  the  hydroxyl  radical 
production  on  human  white  blood  cells  after  exposure  to  modulated  or  non-modulated  900  MHz  and  2.45  GHz 
microwave  were  performed.  Several  signals  were  used:  continuous-wave  (CW),  several  typical  modulations  of 
the  GSM,  PDC,  cdma2000,  and  non-modulated  pulse-wave.  Developed  900  MHz  ridged-waveguide  exposure 
equipment  and  2.45  GHz  open-type  equipment  were  used  for  high  intensity  irradiation,  and  the  specific 
absorption  rates  (SARs)  were  estimated  by  numerical  simulations.  The  fluorescence  probe  method  was  adopted 
to  estimate  the  radical  production.  Furthermore  heat  (20°C-39°C)  was  used  for  the  purpose  of  controlling  the 
hydroxyl  radical  excitation. 

The  exposure  experiments  were  carried  out  by  using  about  six  hundred  tissues,  and  the  free  radical  production 
was  estimated  with  the  fluorescence  images.  Some  irradiations  produced  a  difference  in  free  radical  production. 
However,  this  difference  disappeared  when  data  was  compared  to  the  heat  controls. 

As  a  result,  any  free  radical  production  due  to  non-thermal  effect  of  microwave  exposure  was  not  detected. 


Introduction 

It  has  been  already  suggested  that  the  microwave  EMF  interactions  with  biomolecules,  or  with  portions  of 
biological  structure,  are  unlikely  at  the  frequencies  below  the  high  gigahertz  spectral  regions  [1].  However,  to  the 
best  of  the  authors’  knowledge,  there  have  not  been  any  investigations  conducted  so  far  concerning  the 
possibility  of  biological  interactions  due  to  the  microwave  EMF,  which  may  result  in  the  production  of  free 
radicals. 

A  free  radical  is  an  atom  or  a  molecule  with  an  unpaired  electron  and  has  a  high  chemical  reactivity.  There  are 
various  kinds  of  free  radicals.  If  the  radical  production  occurs  in  living  tissues,  it  can  trigger  a  chain  reaction 
resulting  in  various  influences  on  important  cellular  components  such  as  DNA,  or  the  cell  membrane  in  the  worst 
case  [2,3,4].  Thus,  in  the  discussion  on  the  adverse  health  effect  issues  due  to  microwave  irradiation,  it  is  very 
important  to  obtain  reliable  experimental  evidences  revealing  the  fact  that  microwave  EMF  irradiation  might  not 
affect  free  radical  production  directly. 

It  is  known  that  white  blood  cells  (WBCs)  generate  free  radicals  to  destroy  bacteria  and  viruses.  In  order  to 
investigate  the  biological  free  radical  production  in  human  WBC,  experiments  of  900  MHz  and  2.45  GHz 
microwave  exposure  are  conducted  in  this  study. 

Materials  and  Methods 

The  procedure  for  preparing  the  WBC  sample  is  shown  Figure  1.  Firstly,  dextran  is  added  to  whole  blood  taken 
from  a  healthy  person.  After  letting  it  stand  for  30  minutes,  the  supernatant  fluid  is  obtained.  Secondly,  in  order 
to  separate  into  an  upper  plasma  layer  and  a  lower  WBC  layer,  the  blood  samples  are  centrifuged  at  400  g  for  6 
minutes.  The  plasma  layer  is  removed  and  then  2  ml  calcium,  magnesium  free  phosphate  buffered  saline  (CMF- 
PBS)  is  added  to  the  settlement  cell.  Finally,  1950  pi  CMF-PBS  and  100  pi  2’,7’-dichlorodihydrofluorescein 
diacetate  (DCFH)  are  added  to  this  50  pi  settlement  cell.  This  WBC  sample  is  used  for  this  experiment. 
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Figure  1.  The  procedure  for  preparing  WBC  sample 


Irradiation  Parameters 


Frequency 


2450  MHz 


WBC  sample 


Modulations  CW,  Pulse  modulation 

(pulse  width:  1  msec,  duty  ratio:  1/10) 


Output  Powers 

CW:  57  dBm 

Pulse  modulation:  49  dBm 

Exposure  time 

5  minutes 

microwave 


Figure  2.  Open-type  exposure  equipment  of  2.45  GHz 


Irradiation  Parameters 

Frequency  900  MHz 

Modulations  CW,  GSM,  PDC,  cdma2000 

Pulse  modulation  (pulse  width:  1  msec,  duty  ratio:  1/10) 

Output  Powers  CW,  PDC,  cdma2000:  44  dBm 
Pulse  modulation,  GSM:  50  dBm 

Exposure  time  5  minutes 


Figure  3.  Ridged-waveguide  exposure  equipment  of  900  MHz 


Figure  2  and  Figure  3  show  the  developed  2.45  GHz  open-type  exposure  equipment  and  900  MHz  ridged- 
waveguide  exposure  equipment  [5,6,7].  These  exposure  equipments  can  achieve  high  intensity  and  a  uniform 
exposure  on  the  WBC  sample  and  they  are  available  at  the  same  time  without  special  degradation  of  the 
impedance  matching  caused  by  the  scattering  waves  from  the  WBC  sample. 


949 


M.  ENDO,  T.  HIKAGE,  T.  MANABE  AND  T.  NOJIMA 


In  the  case  of  exposure  to  2.45  GHz  microwave,  we  carry  out  the  irradiations  for  five  minutes  with  continuous- 
wave  (CW)  or  high  power  pulse  modulated  wave  that  provided  the  pulse  width  and  duty  ratio  of  1  msec  and 
1/10,  respectively.  Figure  4  (a)  shows  the  exposure  plane  on  which  the  WBC  sample  is  located.  This  plane  is 
positioned  at  a  distance  of  205  mm  from  the  centre  of  the  horn  antenna.  Figure  4  (b)  shows  the  electric  field 
distribution  of  CW  measured  in  this  area.  In  addition,  Figure  4  (c)  shows  the  electric  field  distribution  of  CW 
obtained  in  this  area  by  using  numerical  analysis.  The  FDTD  based  commercial  software,  SEMCAD  [8]  is  used 
for  the  estimation.  From  these  Figures,  the  computed  result  agrees  well  with  measured  ones.  Furthermore,  the 
thermostatic  device  shown  in  Figure  5  is  adopted  to  maintain  the  temperature  of  the  WBC  sample  at  less  than  39 
degrees  Celsius.  The  SAR  of  the  WBC  sample  exposed  on  the  petri  dish  is  obtained  by  measurement  and 
calculation.  The  increase  in  temperature  during  the  exposure  is  used  for  estimation  of  SAR.  FDTD  analysis  is 
used  for  SAR  calculation  as  well.  When  we  measure  the  SAR,  the  PBS  does  not  touch  the  thermostatic  device. 
Figure  6  shows  the  FDTD  model.  Figure  7  and  Table  1  show  these  results  as  well. 


radio  wave  absorber 


exposure  plane 
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horn  antenna 
(173  x  134  x  123  mm) 

(a)  Exposure  plane 
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2400-2600 

2200-2400 

2000-2200 

1800-2000 

1600-1800 

1400-1600 


(b)  Measurement  (2.45  GHz  CW)  (c)  FDTD  analysis  (2.45  GHz  CW) 

Figure  4.  Electric  field  distributions  on  exposure  plane 
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z  y 


35  mm 

Figure  7.  SAR  distribution  (2.45  GHz) 


measurement 

FDTD  analysis 

Ave.  SAR  [W/kg] 

725 

632 

Figure  6.  FDTD  model  (2.45  GHz)  Table  1.  Measurement  and  analysis  results  of  SAR  (2.45  GHz) 


In  the  case  of  exposure  to  900  MHz  microwave,  the  duration  of  exposure  is  5  minutes.  Moreover,  several  signals 
are  used:  CW,  GSM,  PDC  (half  rate),  cdma2000  and  pulse  waves.  During  exposure,  the  temperature  of  the  cells 
never  exceeded  39  degrees  Celsius.  Table  2  shows  both  measured  and  calculated  electric  field  strengths  at  the 
point  that  the  WBC  sample  is  located.  In  addition,  the  SAR  of  the  WBC  sample  exposed  on  the  petri  dish  is 
obtained  by  both  measurement  and  calculation.  In  order  to  estimate  the  SAR  of  the  WBC  sample,  the 
waveguide’s  output  powers  are  measured.  Then,  the  output  power  with  or  without  the  WBC  sample  in  the 
waveguide  are  compared  to  estimate  the  SAR.  Figure  8  shows  the  FDTD  model.  Figure  9  and  Table  3  show 
these  results. 


measurements 

FDTD  analysis 

Modulations 

CW 

Pulse 

GSM 

PDC 

cdma2000 

CW 

E-field  strengths  [V/m] 

1140 

615 

960 

1140 

1160 

1730 

Table  2.  E-field  strengths  central  axis  of  the  exposure  plane  (900  MHz) 


35  mm 

Figure  9.  SAR  distribution  (900  MHz) 


measurement 

FDTD  analysis 

Ave.  SAR  [W/kg] 

150 

276 

Figure  8.  FDTD  model  (900  MHz)  Table  3.  Measurements  and  analysis  results  of  SAR  (900  MHz) 
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The  fluorescence  probe  method  is  adopted  to  estimate  free  radical  production.  First,  DCFFI  which  is  used  for 
fluorescence  probe  of  hydroxyl  radical  production  is  added  to  the  WBC  sample.  Secondly,  the  WBC  sample  is 
exposed  to  RF  microwave  for  5  minutes.  Finally,  fluorescence  intensity  is  measured. 

Results 

Figure  10  and  Figure  11  show  the  fluorescence  intensities  of  WBCs  after  exposure  to  2.45  GFIz  and  900  MFlz 
microwaves  respectively.  The  control  (sham  exposure)  is  defined  as  the  WBC  sample  that  was  not  exposed  to 
microwaves  and  increased  in  temperature  by  thermostatic  device.  In  the  case  of  2.45  GFIz  exposures,  there  are 
no  obvious  differences  between  the  control  and  the  WBC  exposed  by  CW  or  pulse  modulated  microwave.  In 
addition,  in  the  case  of  900MFlz  exposures,  no  significant  differences  in  radical  production  are  detected  after  any 
modulated  microwave  exposures.  At  both  frequencies,  no  radical  excitation  is  observed  in  the  WBC  after 
irradiation  by  microwaves,  provided  that  the  temperatures  of  target  samples  did  not  exceed  39  degrees  Celsius. 


Figure  10.  Fluorescence  intensities  of  WBCs  after  exposure  to  2.45  GFIz  microwave 


■ 

control 

▲ 

CW 

• 

Pulse 

★ 

GSM 

+ 

PDC 

* 

cdma2000 

Figure  11.  Fluorescence  intensities  of  WBCs  after  exposure  to  900  MFlz  microwave 
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Summary 

Experiments  for  the  biological  free  radical  that  treats  human  WBCs  were  performed.  In  the  experiments,  both 
modulated  and  non-modulated  900  MHz  and  2.45  GHz  microwaves  were  irradiated.  Furthermore,  the  electric 
field  strengths  on  the  exposure  plane  and  SARs  of  the  WBCs  were  estimated  by  using  measurement  and  FDTD 
simulation.  The  differences  due  to  biological  uncertainty  in  experimental  results  obtained  under  the  same 
conditions  (cell  temperature,  exposure  condition)  could  not  be  negligible,  and  therefore,  our  experiments  were 
carried  out  by  using  many  WBC  samples. 

From  our  experiments,  there  was  no  difference  in  fluorescence  intensities  estimated  by  the  fluorescence  images 
of  between  the  control  (sham  exposure)  and  the  exposed  samples.  In  addition,  the  intensities  of  the  samples  after 
exposure  to  modulated  microwaves  agreed  with  those  after  exposure  to  non-modulated  microwaves.  The 
fluorescence  intensities  which  are  proportional  to  radical  production  in  WBCs  depended  on  the  temperatures  of 
the  samples.  As  a  result,  any  free  radical  production  due  to  non-thermal  effects  of  2.45  GHz  or  900  MHz 
microwave  exposure  was  not  detected. 

More  precise  SARs  calculations  and  a  statistical  analysis  of  the  fluorescence  intensities  data  obtained  by  many  of 
our  experiments  will  be  conducted. 

Acknowledgements 

This  work  is  supported  by  Grant-in- Aid  from  the  Ministry  of  Internal  Affairs  and  Communications  (MIC)  of 
Japan. 

References 

[1]  R.K.  Adair,  “Biophysical  limits  on  A  thermal  effects  of  RF  and  microwave  radiation”.  Bioelectromagnetics 
Vol24,  No.l,  pp. 39-48,  (2003) 

[2]  W.Ross  Adey,  “Potential  Therapeutic  Applications  of  Nonthermal  Electromagnetic  Fields:  Ensemble 
Organization  of  Cells  in  Tissue  as  a  Factor  in  Biological  Field  Sensing”,  Bioelectromagnetic  Medicine,  New 
York:Mercel  Dekker  Inc.  (2004) 

[3]  M.H.  Repacholi  and  B.  Greenebaum,  “Interaction  of  Static  and  Extremely  Low  Frequency  Electric  and 
Mgnetic  Fields  With  Living  Systems:  Health  Effects  and  Research  Needs”,  Bioelectromagnetics,  20,  pp. 133-160 
(1999) 

[4]  H.  Kamada  and  H.  Ohya,  “Overview  of  Laboratory  Technology  on  Bioradicals”,  Journal  of  IEICE,  vol.81, 
No.2,pp.  146-153 

[5]  T.  Hikage,  T.  Manabe,  and  T.  Nojima,  “Microwave  Exposure  Effects  on  the  Biological  Free  Radical 
Production  -2.45  GHz  exposure  system  desigh  and  estimation  with  ESR  — ”,  BIOLOGICAL  EFFECTS  of  EMFs 
3ld  International  Workshop,  pp.  82-86,  (2004). 

[6]  T.  Manabe,  T.  Hikage  and  T.  Nojima,  “Experimental  investigations  on  the  Biological  Free  Radical 
Production  -  2.45  GHz  &  900  MHz  exposure  systems  design  and  estimation  with  ESR  — ”,  XXVIIIth  URSI 
General  Assembly  at  New  Delhi,  India  on  October  23-29,  (2005) 

[7]  T.  Hikage,  T.  Manabe,  M  Endo  and  T.  Nojima,  “EXPERIMENTAL  INVESTIGATIONS  ON  THE 
BIOLOGICAL  FREE  RADICAL  PRODUCTION  IN  HUMAN  FIBROBLASTS  DUE  TO  MICROWAVE 
EXPOSURE”,  The  Bioelectromagnetics  Society  the  28th  Annual  Meeting  at  Cancun,  Mexico  on  June  11-15,  P- 
B-78,  (2006) 

[8]  SEMCAD:  Schmid  &  Partner  Engineering  AG,  Zurich,  Switzerland 


953 


Mobile  radio  base  station-emitted  radiation  does  not  induce 
phosphorylation  of  hsp27  or  cellular  stress  response. 

M.  Sekijima1,  H.  Hirose1,  N.  Sakuma1,  N.  Kaji1,  K.  Nakayama1,  T.  Nojima2, 

J.  Miyakoshi3 

Research  division  for  advanced  technology,  Kashima  Laboratory,  Mitsubishi  Chemical 
Safety  Institute  Ltd.,  14  Sunayama,  Kamisu  314-0255,  Japan.  2 Division  of  Electronics  and 
Information  Engineering,  Graduate  School  of  Hokkaido  University,  N-13,  W-8,  Kita-ku, 
Sapporo  060-8628,  Japan,  department  of  Radiological  Technology  School  of  Health 
Sciences,  Faculty  of  Medicine,  Hirosaki  University,  66-1  Hon-cho,  Hirosaki  036-8564, 

Japan. 


ABSTRACT 

The  objective  was  to  assess  any  signs  of  stress  or  apoptosis  induced  by  radiofrequency  (RF)  fields,  which 
corresponds  to  the  limit  of  the  average  whole  body  SAR  for  general  public  exposure  defined  as  a  basic 
restriction  in  the  ICNIRP  guidelines.  We  investigated  if  continuous  wave  (CW)  and  Wide  band  Code  Division 
Multiple  Access  (W-CDMA)  RF  fields  at  2.1425  GFlz,  which  corresponded  to  the  middle  frequency  allocated  to 
the  downlink  band  of  the  IMT-2000  from  mobile  radio  base  stations,  induce  activation  of  hsp27  and  p53.  All 
levels  and  types  of  the  investigated  RF  fields  did  not  result  in  a  statistically  significant  increase  or  decrease  in 
hsp27[pS82]  protein  or  p53[pS15]  protein  of  each  sample.  No  noticeable  differences  were  observed  between 
any  of  the  RF  field  exposure  groups  and  the  sham  exposed  controls  in  the  gene  expression  profile,  including  hsp 
or  p53  related  genes,  in  either  the  RF  field  experiments.  These  results  confirm  that  RF  exposure  to  W-CDMA 
and  CW  at  2.1425  GFlz  cannot  be  associated  with  apoptosis  or  cancer  via  induction  of  the  p53  pathway  or  hsp 
response  at  the  limit  of  the  average  whole-body  SAR  level  (80  mW/kg)  as  defined  by  the  ICNIRP  guidelines. 

INTRODUCTION 

The  rapid  introduction  of  mobile  telecommunication  services  over  the  last  decade  has  drastically  increased 
the  amount  of  radiofrequency  (RF)  field  irradiation  frequencies  and  energies  in  our  living  environment.  In 
order  to  continue  stable  growth  and  expansion  of  RF  utilizations,  it  is  necessary  to  investigate  the  possibility  of 
any  biological  health  effects  of  RF  fields  and  to  obtain  reliable  confirmation  data  with  respect  to  safety.  It  is 
important  to  examine  the  possible  biological  effects  and  to  obtain  reliable  data  for  2-GHz  band  RF  irradiation  to 
facilitate  the  smooth  deployment  of  the  International  Mobile  Telecommunication  2000  (IMT-2000)  cellular 
system.  We  conducted  a  study  focusing  on  the  effects  of  a  practical  modulated  signal  for  Wideband  Code 
Division  Multiple  Access  (W-CDMA)  as  well  as  a  continuous  wave  (CW)  at  2.1425  GHz,  which  corresponds  to 
the  middle  frequency  allocated  to  the  downlink  band  of  IMT-2000  from  mobile  radio  base  stations. 

French  et  al  [2001]  proposed  that  repeated  exposure  to  mobile  phone  radiation  acts  as  a  repetitive  stress 
leading  to  continuous  expression  of  hsps  in  exposed  cells  and  tissues,  which  in  turn  affects  their  normal 
regulation,  and  cancer  results.  Hsp27  phosphorylation  in  the  human  endothelial  cell  line  EA.hy926  showed  a 
transient  increase  by  1  h  of  non-thermal  exposure  to  900  MHz  GSM  mobile  phone  radiations  [Leszczynski  et  al., 
2002].  They  proposed  a  hypothetical  mechanism  whereby  RF  exposure  could  be  associated  with  cancer.  We 
examined  the  induction  of  hsp27  phosphorylation  and  other  cellular  stress  response  that  activate  the  p53  or  the 
p53  signaling  pathway  using  cultures  of  the  human  tumor  A172  cells  and  untransformed  IMR-90  cells.  The 
results  suggest  that  RF  radiation  at  a  SAR  of  the  mobile  radio  base  station  level  does  not  affect  the  stress 
response  pathways  following  hsp27  phosphorylation. 
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METHODS 
Exposure  System 

A  detailed  description  of  the  exposure  system  has  been  published  by  Iyama  et  al.  [2004].  Briefly,  two 
identical  RF  field  exposure  incubators,  one  for  RF  field  exposure  and  the  other  for  sham  exposure,  were 
established  in  separate  anechoic  chambers,  and  a  mechanical  switch  in  a  dummy  box  allows  the  selection  of  RF 
field  exposure  or  sham  exposure  (Fig.l).  This  system  allowed  simultaneous  exposure  of  49  (7  x  7  array),  35 
mm  culture  dishes  to  a  2.1425  GHz  RF  electromagnetic  field,  which  corresponds  to  the  center  frequency  of  the 
IMT-2000  down  link  band,  with  a  uniform  SAR  distribution  in  the  medium  of  all  49  culture  dishes.  The  main 
unit  for  the  cell  exposure  provides  identical  air  to  the  two  culture  units  through  sealed  ducts  at  the  appropriate 
temperature  (37.0°C),  C02  (5.0  %),  and  humidity  (>90  %).  The  mean  SAR  of  the  culture  fluid  at  the  bottom  of 
the  inner  25  culture  dishes  (5x5  array)  used  in  the  in  vitro  experiments  was  139  mW/kg  for  an  antenna  input 
power  of  1  W,  and  the  standard  deviation  of  the  SAR  distribution  was  47%.  The  W-CDMA  cellular  system  is 
one  of  the  component  systems  of  the  IMT-2000  cellular  system,  and  its  frequency  spectrum  is  shown  in  Figure  2. 
W-CDMA  adopts  Direct  Sequence  CDMA  (DS-CDMA)  and  Frequency  Division  Duplex  (FDD)  as  a  multiple 
access  and  duplex  scheme,  respectively.  The  chip  rate  of  the  spread  code  of  this  system  is  3.84  Mcps.  A 
beam-formed  RF  exposure  incubator  employing  a  horn  antenna,  a  dielectric  lens,  and  a  culture  case  in  an 
anechoic  chamber  was  developed  for  large-scale  in  vitro  studies. 

Cells 

Human  glioblastoma  A172  cells  and  human  IMR-90  fibroblasts  from  fetal  lungs  were  obtained  from  the 
American  Type  Culture  Collection  (ATCC,  Rockville,  MD).  A172  cells  were  cultured  in  Dulbecco’s  Modified 
Eagle  Medium  (Invitrogen,  Tokyo,  Japan)  supplemented  with  10%  heat-inactivated  fetal  calf  serum  (FCS; 
Invitrogen),  100  U/ml  penicillin  and  100  |ig/ml  streptomycin,  and  IMR-90  fibroblasts  were  grown  in  Eagle’s 
minimal  essential  medium  with  Earle’s  balanced  salts  (Invitrogen)  supplemented  with  0.1  mM  non-essential 
amino  acids,  1.0  mM  sodium  pyruvate,  10%  heat-inactivated  FCS,  100  U/ml  penicillin,  and  100  Lig/m I 
streptomycin.  The  both  cells  have  been  previously  used  in  RF  field  research  [Sakuma  et  al.,  2006]. 
Experimental  Design 

The  experimental  design  has  been  described  by  Hirose  et  al.  [2006a, b].  A172  cells  were  exposed  to 

W-CDMA  radiation  at  SARs  of  80,  250,  and  800  mW/kg,  and  to  CW  radiation  at  80  mW/kg  for  24  or  48  h, 
which  equates  to  one  or  two  doubling  times  of  the  cell.  IMR-90  cells  were  exposed  to  W-CDMA  at  80  and  800 
mW/kg,  and  CW  at  80  mW/kg  for  28  h,  which  is  one  doubling  time  of  the  cell.  The  cells  were  also  exposed  to 
W-CDMA  radiation  at  SARs  of  80  and  800  mW/kg  for  2  h.  The  RF  field  exposure  was  processed  in  a  blind 
manner.  Exposure  to  W-CDMA  signals  in  the  study  was  80  mW/kg,  which  corresponds  to  the  limit  of  the 
average  whole-body  SAR  for  general  public  exposure  defined  as  a  basic  restriction  by  the  ICNIRP  guidelines 
[1998].  The  air  temperature  was  monitored  for  all  cultures  during  the  course  of  the  sham  and  RF  field 
exposure,  resulting  in  37.0±0.3°C,  37.0±0.1°C,  and  37.0±0.1°C  at  SARs  of  800,  250  and  80  mW/kg  for 
W-CDMA  radiation,  respectively. 

Detection  of  Hsp27  and  p53  Phosphorylation 

To  determine  changes  in  hsp27[pS82]  or  p53[pS15],  HSP27[pS82]  and  Total  HSP27  or  p53[pS15]  and  Total 
p53  Antibody  Bead  Kits  (BioSource,  Camarillo,  CA)  were  used  according  to  the  manufacturer’s  instruction. 
The  specific  proteins  were  detected  using  the  bead-based  multiplex  assay  [Carson  and  Vignali,  1999],  which  is 
similar  to  a  capture  sandwich  immunoassay. 

Microarray  hybridization 

Human  genome  HG-U133  Plus2.0  (Affymetrix,  Santa  Clara,  CA)  was  used  for  the  analysis  of  heat  shock 
and  p53  related  gene  expressions  in  cells  exposed  to  RF  fields.  Data  were  analyzed  using  Affymetrix1’ 
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Microarray  Suite  5.0  software. 

RT-PCR  analysis 

The  pairs  of  primers  and  the  TaqMan  probes  [tumor  protein  53  (TP53),  TP53  binding  protein  2  (TP53BP2), 
apoptotic  protease  activating  factor  (APAF1),  and  caspase  9  (CASP9)]  for  the  target  mRNAs  were  purchased 
from  Applied  Biosystems  (Foster  City,  CA).  The  TaqMan  OneStep  RT-PCR  Master  Mix  Reagents  Kit 
(Applied  Biosystems)  was  used  for  the  RT-PCR  reaction.  Amplification  and  detection  were  performed  using 
the  ABI  PRISM  7700  Sequence  Detector  System  (Applied  Biosystems). 

Indirect  Immunofluorescence  Analysis 

For  visualization,  cells  were  incubated  with  anti-hsp27  (diluted  at  10  |ig/ml)  or  anti-hsp70  (diluted  at  5 
pg/ml)  antibodies  (Stressgen,  BC,  Canada)  for  1  h,  and  then  incubated  with  Alexa  Fluor  488-labeled  goat 
anti-mouse  IgG  antibody  (Molecular  Probes,  Eugene,  OR)  diluted  at  10  pg/ml  for  30  min. 

Detection  of  Apoptosis 

Apoptosis  was  evaluated  using  the  annexin  V  affinity  assay  [Koopman  et  al.,  1994].  The  procedure  using 
the  fluorescein-conjugated  annexin  V  (annexin  V-FITC;  BD  Biosciences,  Franklin  Lakes,  NJ)  was  carried  out 
according  to  the  manufacturer’s  technical  protocol.  The  cell  samples  were  analyzed  by  flow  cytometry  (EPICS 
ALTRA,  Beckman  Coulter,  Tokyo,  Japan). 

Statistical  Analysis 

The  gene  expression  levels  obtained  with  GeneChip  expression  analysis  were  analyzed  by  Welch’s  t-test 
using  the  data  for  the  sham-exposed  samples  and  the  RF  field-exposed  samples  in  either  the  2.1425  GHz 
W-CDMA  at  a  SAR  of  80,  250  or  800  mW/kg  or  CW  at  80  mW/kg  RF  field  experiments.  The  multiplicity 
problem  was  controlled  by  the  Benjamini  and  Hochberg  false  discovery  rate  [Benjamini  and  Hochberg,  1995]. 
Ap-value  of  less  than  0.05  was  considered  statistically  significant. 

RESULTS 

Expression  of  phosphorylated  hsp27  at  serine  82 

As  shown  in  Figures  3-1  and  -2,  the  exposure  to  W-CDMA  or  CW  radiations  at  a  SAR  of  80,  250  or  800 
mW/kg  for  2-48  h  resulted  in  similar  measurements  of  hsp27[pS82]  compared  to  sham  exposed  controls.  The 
exposure  to  all  of  the  presented  RF  fields  did  not  result  in  a  statistically  significant  change  in  hsp27[pS82]. 
The  exposure  to  W-CDMA  at  a  SAR  of  80  or  800  mW/kg  for  2-48  h  did  not  noticeably  change  the  total  hsp27 
level  in  either  cell.  Moreover,  there  were  no  significant  changes  in  total  hsp27  expression  levels  in  the  cells 
exposed  to  W-CDMA  signal  at  250  mW/kg  or  CW  signal  at  80  mW/kg. 

Heat  shock  gene  expression 

In  the  RF  field  exposure  experiments,  18,041-24,119  and  18,971-23,180  genes  were  “present”  or 
“marginal”  in  A172  and  IMR-90  cells,  respectively,  of  54,675  gene  probe  sets.  We  evaluated  the  changes  in 
gene  expression  by  RF  field  exposure  on  their  genes  that  were  “present”  or  “marginal”  in  A172  or  IMR-90  cells. 
No  significant  differences  were  observed  between  any  of  the  RF  field  exposure  groups  and  the  sham-exposed 
controls  in  the  gene  expression  profile,  including  hsp  related  genes  in  either  experiments  of  exposure  to 
W-CDMA  or  CW  signal  for  2-48  h. 

Cellular  localization  of  hsp27  and  hsp70 

There  was  no  remarkable  effect  on  the  induction  of  translocation  or  expression  of  hsp27  or  hsp70  after 
exposure  to  W-CDMA  or  CW  signal  at  a  SAR  of  80,  250  or  800  mW/kg  for  2-48  h.  Immunofluorescence 
staining  revealed  that  some  of  A172  cells  in  sham  culture  expressed  a  high  level  of  hsp27  and  some  of  IMR-90 
cells  in  sham  culture  expressed  a  low  level  of  hsp27.  It  was  found  that  some  of  A172  and  IMR-90  cells  in 
sham  cultures  expressed  a  very  low  level  of  hsp70. 
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Expression  of  phosphorylated  p53  at  serine  15 

The  exposure  to  W-CDMA  or  CW  radiations  resulted  in  similar  measurements  of  p53[pS15]  compared  to 
sham-exposed  controls,  and  resulted  in  similar  values  of  total  p53  compared  with  sham-exposed  controls.  The 
exposure  to  all  of  the  presented  RF  fields  did  not  result  in  statistically  significant  changes  in  p53  [pS  1 5]  (Fig.  4), 
or  the  total  p53  in  each  sample.  All  of  the  measurements  of  p53 [pS  15]  protein  in  the  RF  field  exposure 
samples  were  close  to  the  lower  limit  of  the  analytical  sensitivity  of  the  assay,  and  almost  equal  to  those  in 
sham-exposed  and  non-treated  samples,  or  could  not  be  detected  with  the  used  p53[pS15]  Antibody  Bead  Kit. 
p53-related  Gene  Expression 

There  were  no  noticeable  changes  ofp53  related  gene  expression  levels  in  A172  or  IMR-90  cells  exposed 
to  W-CDMA  radiation  (SARs  of  80,  250  or  800  mW/kg)  or  CW  radiation  (80  mW/kg).  We  analyzed  the  gene 
expression  of  TP53,  TP53BP2,  APAF1,  and  CASP9  to  reconfirm  the  change  of  the  p53-dependent  apoptosis 
signal  cascade  on  a  molecular  level  by  the  exposure  to  RF  signals,  using  a  real-time  RT-PCR  analysis.  Relative 
gene  expression  was  determined  based  on  the  threshold  cycles  of  the  RF  field  or  sham  exposed  samples.  No 
noticeable  effect  on  TP53,  TP53BP2,  APAF1,  and  CASP9  gene  expression  was  observed  after  exposure  to 
W-CDMA  or  CW  radiation,  as  expression  ratios  were  below  2-fold  and  over  0.5-fold  in  two  independent 
experiments  performed  with  triplicate  RNA  samples. 

Induction  of  Apoptosis 

The  exposure  to  W-CDMA  or  CW  radiations  resulted  in  a  similar  percentage  of  apoptotic  cells  compared  to 
sham-exposed  controls  (1.1-3. 7  %  compared  to  1.2-3. 0  %  in  the  case  of  A172  cells,  and  2.4  or  4.1  %  to  2.4  or 
4.7  %  in  the  case  of  IMR-90  cells).  No  statistically  significant  differences  were  observed  between  any  of  the 
RF  field  exposure  groups  and  the  sham-exposed  controls  in  percentage  of  apoptotic  cells,  in  either  the  2.1425 
GFlz  W-CDMA  or  CW  radiation  exposure  experiments. 

CONCLUSION 

Hsp27  and  p53  phosphorylation  in  A172  cells  and  IMR-90  fibroblasts  are  not  induced  by  exposure  to 
W-CDMA  or  CW  RF  radiation.  Furthermore,  changes  in  gene  expression  levels  of  hsp  family  and  p53-related 
genes,  and  the  frequency  of  apoptotic  cell  death  were  not  induced  by  any  of  the  RF  exposure. 

The  results  confirm  that  RF  exposure  to  W-CDMA  and  CW  at  2.1425  GHz  cannot  be  associated  with 
apoptosis  or  cancer  via  induction  of  the  p53  pathway  or  hsp  response  at  the  limit  of  the  average  whole-body 
SAR  level  (80  mW/kg)  as  defined  by  the  ICNIRP  guidelines. 
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Power  meter 


Figure  1.  RF  exposure  system  for  in  vitro  experiments  [Iyama  et  al.,  2004]. 

Arrows  from  the  horn  antenna  indicate  the  direction  in  which  the  RF  travels. 
Schematic  diagram  of  the  electrical  design  and  the  air  circulation  in  the  RF 
exposure  system.  In  this  figure,  the  system  on  the  right  is  for  RF  exposure  and 
that  on  the  left  is  for  sham  exposure. 
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Figure  2.  W-CDMA  frequency  spectrum. 
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Figure  3-1.  Expression  levels  of  phosphorylated  hsp27  in  A172  cells  exposed  to  W-CDMA  RF  field.  Experiments  under  the 
same  RF  field  exposure  conditions  were  repeat  twice,  and  3  different  cultures  were  used  in  each  experiment.  No  statistically 
significant  differences  were  observed  between  any  of  the  RF  field  exposure  groups  and  the  sham-exposed  controls  in  either  the 
2. 1425  GHz  W-CDMA  RF  field  experiments.  Other  cultures  were  treated  with  heat  at  42  or  43°C  in  a  temperature-controlled 
water  bath  and  at  37°C  in  a  conventional  incubator.  **;  p<0.01 
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W-CDMA  CW 

Figure  3-2.  Expression  levels  of  phosphorylated  hsp27  in  IMR-90  cells  exposed  to  W-CDMA  and  CW  RF  fields. 

Experiments  under  the  same  RF  field  exposure  conditions  were  repeat  twice,  and  3  different  cultures  were  used  in  each 
experiment.  No  statistically  significant  differences  were  observed  between  any  of  the  RF  field  exposure  groups  and  the  sham- 
exposed  controls  in  either  the  2.1425  GHz  W-CDMA  or  CW  RF  field  experiments.  Other  cultures  were  treated  with  heat  at  42  or 
43°C  in  a  temperature-controlled  water  bath  and  at  37°C  in  a  conventional  incubator.  **;  p<0.0 1 
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A172  IMR-90 

Figure  4.  Expression  levels  of  phosphorylated  p53  at  serine  15.  Experiments  under  the  same  RF  field  exposure  conditions  were  repeated  twice, 
and  3  different  cultures  were  used  in  each  experiment.  Undetectable  samples  (presented  to  zero)  were  one  (a),  two  (b)  or  three  (c)  in  3  different 
culture  samples.  Treatment  of  A172  cells  with  1.7  pmol/1  (1.0  pg/ml)  Dox  (positive  control;  PCI)  resulted  in  a  statistically  significant  increase 
(  p<0.001,  n=5)  compared  to  RF  field-  and  sham-exposed  samples,  and  non-treated  samples  (negative  control;  NCI).  Treatment  of  IMR-90 
fibroblasts  to  heat  shock  at  42°C  (positive  control;  PC2)  resulted  in  a  remarkable  increase  (n=2)  compared  to  RF  field-  and  sham-exposed  samples, 
and  the  non-treated  samples  (negative  control;  NC2). 
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Abstract 

Few  studies  have  directly  observed  brain  microcirculation  during  exposure  to  radio  frequency 
electromagnetic  fields  (RF-EMF).  The  aim  of  present  study  was  to  investigate  whether  RF-EMF  exposure 
induces  acute  effects  on  brain  microcirculation  being  transiently  observed  only  during  RF-EMF  radiation  period. 
Male  Sprague-Dawley  rats  (8  weeks  old)  were  subjected  to  cranial  window  implantation  prior  to  the  exposure 
experiments  and  fluorescent  intravital-microscopic  observation  under  anesthesia.  To  simultaneously  perform  a 
microcirculatory  observation  and  RF-EMF  exposure,  we  developed  and  used  an  “8”-shaped  loop  antenna.  Rat's 
head  was  locally  exposed  to  l,457MFlz  electromagnetic  near-field  TDMA  signal  for  PDC  systems  by  the  “8”- 
shaped  loop  antenna.  RF-EMF  exposure  intensity  was  maintained  at  2.0  W/kg  of  the  averaged  SAR  in  parietal 
targeted  area.  During  experimental  period  including  RF-EMF  exposure,  four  microcirculatory  parameters  (BBB- 
function,  plasma  velocities,  leukocyte  behaviours,  and  arterial  vasomotion)  were  measured.  No  changes  in  any  of 
the  four  microcirculatory  parameters  were  elicited  by  RF-EMF  exposure.  The  results  revealed  that  there  were  no 
RF-EMF  exposure  effects  on  brain  microcirculatory  parameters,  at  least  on  BBB-function,  plasma  velocities, 
leukocyte  behaviours,  or  arteriolar  vasomotion  under  the  present  exposure  conditions. 


Introduction 

Few  studies  have  directly  observed  brain  microcirculation  during  exposure  to  radio  frequency 
electromagnetic  fields  (RF-EMF).  Our  previous  study  showed  no  effects  of  RF-EMF  exposure  on  blood-brain 
barrier  (BBB),  plasma  velocity  or  vessel  diameter,  as  microcirculatory  parameters  in  rat  brain  using  a  cranial 
window  method  [1].  Flowever,  the  changes  in  these  parameters  were  measured  just  after  RF-EMF  exposure,  but 
not  during  exposure.  To  simultaneously  perform  measurements  of  rat  brain  microcirculation  and  RF-EMF 
exposure  to  a  local  cerebral  region  just  under  the  cranial  window,  we  developed  a  new  type  of  antenna,  “8”- 
shaped  loop  antenna  [2].  The  aim  of  present  study  was  to  investigate  whether  RF-EMF  exposure  induces  acute 
effects  on  brain  microcirculation  being  transiently  observed  only  during  RF-EMF  radiation  period. 

Male  Sprague-Dawley  rats  (8  weeks  old)  were  used.  The  rats  were  divided  into  two  groups:  RF  group  was 
exposed  to  RF-EMF  and  Sham  group  was  not  exposed  to  any  RF-EMF.  All  rats  were  subjected  to  cranial 
window  implantation  and  intravital-microscopic  observation  under  pentobarbital  anesthesia  with  a  cocktail  of 
ketamine  and  xylazine.  The  pial  microcirculation  within  cranial  windows  was  observed  using  a  fluorescent 
microscope  equipped  with  an  EBCCD  camera.  In  order  to  measure  four  microcirculatory  parameters,  BBB 
function,  plasma  velocities,  leukocyte  behaviours,  and  arteriole  vasomotion,  we  used  rhodamine  6G  for 
leukocyte  behaviours  and  FITC-Dx  (70k  or  2000k)  for  the  other  three  parameters. 

Rat  heads  were  locally  exposed  to  1,457MHz  electromagnetic  near-field  TDMA  (time  division  multiple 
access)  signal  for  PDC  (Personal  Digital  Cellular,  Japanese  cellular  telephone  standard)  systems  by  the  “8”- 
shaped  loop  antenna  placed  4  mm  upward  to  the  cranial  window.  RF-EMF  exposure  was  maintained  at  2.0  W/kg 
of  the  averaged  SAR  in  parietal  targeted  area. 
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Arteriolar  vasomotion  was  observed  during  12  min  experimental  period  including  3  min  RF-EMF  exposure. 
The  other  three  microcirculatory  parameters,  BBB-function,  plasma  velocity,  and  leukocyte  behaviour  in  pial 
venules  were  measured  every  10  min  during  80  min  experimental  period  including  50  min  RF-EMF  exposure. 
The  results  were  compared  between  RF  and  Sham  group.  The  statistical  analysis  was  performed  by  Student’s  t- 
test  or  ANOVA. 

Using  an  intravital  fluorescence  microscopy  and  the  “8”-shaped  loop  antenna  enable  us  to  observe  rat  pial 
microcirculation  directly,  and  expose  RF-EMF  to  rat,  simultaneously  (Fig.  1).  Plasma  image  flowing  in 
microvessels  of  the  pia  mater  was  visualized  by  FITC-Dx  injected  into  vein. 


Fig.  1.  Real-time  measurement  system 


Blood-brain  barrier  permeability  was  evaluated  by  extravasation  of  FITC-Dx  (70k)  molecules  injected  into  a 
rat  venule.  Although  fluorescence  intensity  of  pia  mater  area  decreased  through  an  experimental  period,  there 
were  no  significant  difference  in  the  fluorescence  intensity  between  sham  and  RF  group. 

Velocities  of  plasma  flowing  in  pial  venules  were  measured  by  a  dual-slit  method  and  indicated  as  a  relative 
(%)  velocity  of  initial  value.  No  significant  difference  in  the  percent  velocities  between  two  groups  were  showed 
until  the  end  of  experiment. 

Leukocyte  behaviours  were  evaluated  by  the  numbers  of  rolling  and  sticking  leukocytes  stained  with 
rhodamine  6G  at  0,  10,  20,  40  min  after  beginning  of  the  exposure.  No  significant  difference  in  these  numbers 
was  found  between  two  groups. 

The  arteriole  vasomotions  were  monitored  pre-,  during,  and  post-  RF  exposure  (Fig.  2).  As  an  index  for 
dynamic  changes  in  the  vasomotion,  we  calculated  the  mean  value  of  arteriolar  diameter  for  each  experimental 
period  and  showed  them  as  a  relative  (%)  diameter  of  pre-exposure.  As  a  result,  no  significant  difference  in  the 
arteriolar  diameter  was  found  between  two  groups. 


Summary 

Our  developed  new  type  of  loop  antenna,  the  “8”-shamped  loop  antenna  succeeded  to  concentrate  SAR 
distribution  into  the  target  area  just  under  the  cranial  window.  This  was  convenience  to  evaluate  dynamic 
changes  in  microcirculatory  parameters  in  the  target  area  during  RF-EMF  exposure.  In  present  experiment,  we 
focused  on  four  microcirculatory  parameters,  BBB-function,  plasma  velocities,  leukocyte  behaviours,  and 
arterial  vasomotion.  However,  no  significant  differences  of  these  parameters  were  recognized  between  sham  and 
exposed  group  even  in  during  exposure  period.  The  results  revealed  that  there  were  no  RF-EMF  exposure  effects 
on  brain  microcirculatory  parameters,  at  least  on  BBB-function,  plasma  velocities,  leukocyte  behaviours,  or 
arterial  vasomotion  under  the  present  exposure  conditions. 
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Fig.  2.  The  changes  in  pial  ateriole  diameter  were  measured  using  an  automatically  edge  detection  camera. 
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Abstract 

Currently,  a  number  of  scientific  researches  are  conducted  on  potential  health  hazards  of  electric  and  magnetic 
fields.  There  is  a  non-objective  and  psychological  belief  that  they  are  harmful.  However,  no  scientific  and 
objective  proof  exists.  The  ELF  magnetic  field  (MF)  has  become  one  of  the  Korea's  social  issues  due  to  MF's 
possible  harmful  health  effect,  especially  for  children  under  17  years  of  age.  Therefore,  in  order  to  evaluate  the 
magnetic  field  exposure  levels  of  those  children  in  their  general  living  environment,  personal  MF  exposures  of 
347  subjects  were  measured  in  2005  with  government  funding.  This  study  developed  the  calculation  program 
16MAGEXPO  based  on  the  above  measured  database  to  predict  personal  MF  exposure.  This  program  can  serve 
as  a  valuable  tool  in  estimating  24-hour  personal  MF  exposure  without  directly  measuring  the  exposure.  Three 
types  of  personal  MF  exposure  estimation  formulas  -  a  formula  for  infants  and  preschool  children  from  1  to  7 
years  of  age,  a  formula  for  elementary  school  children  from  8  to  13  years  of  age  and  a  formula  for  junior  high 
school  students  from  14  to  16  years  of  age  -  were  developed  by  applying  evolutionary  computation  method  to 
the  measured  database.  Genetic  algorithm  (GA)  and  genetic  programming  (GP)  were  used  among  evolutionary 
computations.  After  tuning  the  database  with  the  above  methods,  final  three  formulas  with  the  smallest 
estimation  error  were  selected.  The  target  estimation  error  was  approximately  0.3  mG.  The  seven  parameters  of 
each  formula  included  gender  (G),  age  (A),  house  type  (H),  house  size  (HS),  distance  between  residence  and 
power  line  (RD),  power  line  voltage  class  (KV)  and  the  usage  and  condition  of  electrical  appliances  (RULE). 


I.  Introduction 

There  is  an  increasing  concern  on  possible  health  hazard  caused  by  exposure  to  power  frequency  EMF,  a  part  of 
electro-magnetic  interference  that  is  considered  the  4th  environmental  pollution.  The  concerns  over  potentially 
negative  biological  effects  produced  by  power  lines  and  other  sources  began  in  1979  when  Wertheimer  and 
Leeper  reported  that  children  living  in  the  vicinity  of  high-voltage  transmission  lines  had  an  increasing  risk  for 
developing  cancer  than  other  children.  Although  a  number  of  researches  were  conducted  on  this  subject, 
biological  effects  of  EMF  still  remain  a  heated  technological  and  medical  controversy.[l,  2,  3]  Therefore,  this 
research  developed  a  method  to  indirectly  estimate  the  EMF  level  generated  by  using  electrical  energy  for 
participants  under  17  years  of  age.  Exposure  estimation  formulas  and  calculation  program  (16MAGEXPO)  will 
provide  a  method  of  epidemiological  survey  for  the  EMF's  biological  effects.  The  347  participants,  ranging  from 
infants  to  junior  high  students,  were  divided  into  three  age  brackets  to  establish  EMF  exposure  estimation 
formulas.  The  evolutionary  computation  was  used  as  an  optimization  method. 


II.  Participant  Database 

The  measured  personal  MF  exposure  database  could  be  secured  by  participants  who  resided  near  transmission 
lines  up  to  345kV.  These  participants  were  categorized  by  the  radial  distance  from  the  power  line  and  age 
groups.  The  subjects  included  62  infants  to  preschool  children  (1-7  years  old),  261  elementary  school  children 
(8-13  years  old)  and  24  junior  high  students  (14-16  years  old).  In  Figure  1,  junior  high  students  and  preschool 
children  wore  a  MF  measurement  meter  (Model  EMDEX-Lite,  Enertech,  USA). 
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Fig.  1  Surveying  personal  MF  exposure  for  junior  high  students  and  preschool  children 


III.  Evolutionary  Computations  as  Optimization  Method 

A.  Evolutionary  Computations 

Evolutionary  computations  (ECs)  have  received  significant  attention  during  the  last  decade,  although  ECs  were 
originally  introduced  in  the  late  1950's  [4,  5].  ECs  are  search  algorithms  based  on  the  mechanics  of  genetics  and 
natural  selection.  ECs  combine  the  survival  of  the  fittest  mechanism  among  string  structures  with  a  structured, 
yet  randomized,  information  exchange  to  form  a  search  algorithm.  ECs  efficiently  exploit  historical  information 
to  speculate  on  new  search  points  with  improved  performance.  In  another  words,  ECs  are  search  methods 
combining  elements  of  directed  and  stochastic  search,  which  can  strike  a  remarkable  balance  between 
exploration  and  exploitation  of  global  and  local  search  capability.  This  research  describes  the  GA  and  GP 
application  procedures  in  developing  personal  MF  exposure  estimation  formulas.  The  GA  was  developed  by 
John  Holland  in  the  early  1970's.  It  finds  the  best  solution  for  the  environment  by  searching  the  solution  space 
with  a  probability  method  and  a  hierarchical  exchange  of  information  between  each  individual  (string  or 
chromosome).  GA  does  not  use  real  parameters  but  uses  chromosomes  composed  of  string  coded  genotype.  GA 
simulates  crossover  and  mutation  of  natural  systems,  thus  giving  it  a  global  searching  capability.  GP  follows  the 
trend  of  the  GA  paradigm  but  uses  trees  to  represent  genotypes.  Trees  provide  a  flexible  representation  for 
creating  and  manipulating  programs.  GP  starts  with  an  initial  population  of  randomly  generated  computer 
programs  (S-expressions)  composed  of  functions  and  terminals  appropriate  to  the  problem  domain.  Each 
individual  computer  program  in  the  population  is  measured  in  terms  of  how  well  it  performs  in  the  particular 
problem  environment.  This  measure  is  called  the  fitness  measure.  [5,  6] 

B.  Applications  to  Develope  Formulas 

The  ECs  optimization  method  was  applied  to  the  measured  database  to  develop  personal  MF  exposure 
estimation  formulas.  During  the  development,  the  following  key  techniques  were  employed 

1)  Types  and  characteristics  of  parameters 

The  6  main  parameters  included  Gender  (G),  Age  (A),  House  Type  (H),  House  Size  (HS),  Radial  Distance  (RD), 
and  Power  Line  Voltage  (KV).  However,  occupation  was  excluded  from  the  parameter.  We  also  added  a 
supplemental  parameter  called  the  'RULE'  to  increase  the  estimation  accuracy.  This  RULE  represents  the  length 
and  pattern  of  electrical  appliances  usage  such  as  PC  and  electric  heat  mat.  On  the  other  hand,  variables  with 
negligible  effects  such  as  sleep,  school,  commute  to  and  from  school  and  TV  watching  have  not  been  included  in 
the  rules. 

2)  Radial  distance 

In  order  to  measure  the  distance  between  the  power  line  and  the  residence,  Radial  Distance  (RD-1),  which  is 
considered  the  real  distance,  was  used  instead  of  Lateral  Distance  (LD).  A  digital  laser  distance  meter  was  used 
to  measure  the  distance.  If  distance  is  difficult  to  measure,  distance  RD-2  between  tower  and  the  residence  was 
applied. 

3)  Power  line  voltage 

This  research  used  transmission  and  distribution  line  voltage  as  a  parameter  instead  of  load  current  that  directly 
decides  MF  level  of  the  power  line.  The  voltage  was  chosen  because  the  load  current  fluctuates  tremendously  by 
day  and  season.  This  research  also  revealed  that  there  is  a  significant  similarity  between  increase  in  transmission 
line  voltage  and  increase  in  average  MF. 

4)  Code  table  of  main  parameters 

Table  1  outlines  the  main  parameter  codes  and  input  values  during  database  (DB)  tuning. 
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Table  1.  Codes  and  input  values  of  main  parameters 


Gender 

(G) 

Age 

(A) 

House  Type 

(H) 

House  Size 

(HS) 

Radial  Distance 

(RD) 

Power  Line 
Voltage 

(KV) 

■Male:  10 
■Female:  20 

1-16 

•Apt.:  10 
■Etc.:  20 

•the  square  footage 
of  the  unit 

■0~30m:  10 
■31~50m:  20 
•51m  or  more:  30 

•Line  Voltage 

5)  Applications  of  ECs 

Table  2  describes  the  DB  tuning  parameters  of  each  method  based  on  ECs.  Equation  1  illustrates  the  general 
objective  function  for  genetic  algorithm. 


Table  2.  Tuning  parameters  of  genetic  optimizations 


ECs 

Generations 

Population 

Size 

Crossover 

Probability 

Mutation 

Probability 

GA 

2,000 

100 

0.95 

0.05 

GP 

200,000 

1,000 

0.8 

0.08 

MFExposure  =  kl  log(G)  +  k 2  log(H)  +  k 3  log(/7)  +  k 4  log (HS) 
+  k5  log (RD)  +  k6  log(AF)  +  Rule 


(1) 


IV.  The  Results  of  Formulas  Development 

A.  Development  Conditions 

The  conditional  criteria  and  functional  evaluation  characteristics  for  developing  MF  exposure  estimation 
formula  are  as  follows: 

1)  Six  parameters:  G,  A,  H,  HS,  RD  and  KV 

2)  Supplementary  rules  were  applied  to  reduce  estimation  error. 

3)  Target  error  value:  mean  absolute  estimation  error  below  0.3mG,  or  tuning  and  verification  errors  below 
30%. 

4)  KV:  Actual  power  line  voltage.  However,  if  RD  is  over  100m,  T  is  inputted  to  bring  KV  term  to  'O'. 

5)  Database  was  tuned  with  GA  and  GP  first.  Then,  formulas  with  the  smallest  estimation  error  or  ones  that 
incorporated  the  most  parameters  were  chosen  for  each  case. 

6)  When  the  formula  produced  a  negative  value  due  to  a  peculiar  problem  between  the  formula  parameters 
under  normal  condition,  a  penalty  was  issued  to  the  fitness  of  string  (chromosome)  during  DB  tuning. 

7)  HS:  For  apartments,  the  square  footage  of  the  unit  was  used.  For  houses  and  villas,  the  square  footage  of 
the  floor  which  the  participants  live  was  used. 

B.  Resulting  Formulas  and  Their  Applicable  Conditions 

1 )  Types  of  formulas 

This  research  developed  six  types  of  formulas  as  below. 

°  Formula  for  infants  and  preschool  children:  1  type  (Equation  2) 

°  Formula  for  elementary  school  children:  1  type 
°  Formulas  for  junior  high  school  students:  2  types 

°  Supplementary  formulas  for  elementary  school  children  and  junior  high  school  students 
:  2  types 

2)  Sample  result  of  personal  MF  exposure  estimation  formula  for  infants  and  preschool  children  and  their 
applicable  conditions 

#1  MFExp  =  -0.002  log(G)  +  0.003  log(A)  +  0.94  \og(H)  -0.24 \og(HS)  ^ 

- 1 .22  log(RD)  + 1 .09  log(KF)  +  Rule 

•  Applicable  condition 
-  A:  Ages  between  1  and  7 
-KV:  22.9-345  kV 

C.  Estimation  Error 

Table  3  combined  the  estimation  errors  of  each  formula;  thus,  displaying  the  reliability  of  each  formula.  Most 
estimation  errors  satisfy  the  target  error  of  approximately  0.3mG  (-30%).  Yet,  supplementary  formulas  exceeded 
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the  target  error  due  to  their  DB  characteristics.  The  supplementary  formulas  are  applicable  only  if  participants' 
powre  line  voltage  (KV)  does  not  meet  the  criteria.  Figure  2  is  the  graphic  representation  of  the  DB  tuning  and 
verification  trend  in  case  of  elementary  school  children. 


Table  3.  Collection  of  MF  exposure  estimation  formula  errors 


Formula  type 

Tuning  percentage  error 
(Tuning  error/  average 
measurement  value) 

Verification  percentage  error 
(Validation  error/  average 
measurement  value 

Formula  for  infants  & 
preschool  children 

32.1  % 

(0.36/1.12  mG) 

29.6  % 

(0.37/1.25  mG) 

Formula  for  elementary 
school  children 

26.2  % 

(0.43/1.64  mG) 

22.8  % 

(0.45/1.97  mG) 

Formulas  for  junior  high 
school  student 

25.0  % 

(0.28/1.12  mG) 

27.9  % 

(0.29/1 .04  mG) 

Supplementary  formulas 
for  elementary  school 
children  &  junior  high 
school  student 

41.3% 

(0.66/1.60  mG) 

Elementary  school  children 
&  junior  high  school  students 
39.7  % 

(0.71/1.79  mG) 

Elementary 
school  children 
40.6  % 
(0.8/1.97  mG) 

Junior  high 
school  students 
33.7  % 

(0.35/1.04  mG) 

(a)  DB  tuning  trend  (b)  DB  verification  trend 

Fig.  2  Example  of  DB  tuning  and  verification  trends  in  elementary  student  database 


V.  MF  Exposure  Calculation  Program  16MAGEXPO 

A.  16MAGEXPO  Features 

The  measurement  of  MF  exposure  is  rather  complicated,  and  it  may  be  impossible  according  to  circumstances,. 
16MAGEXPO  allows  accurate  estimation  of  the  personal  MF  exposure  level  without  directly  measuring.  The 
following  is  the  main  features  of  16MAGEXPO. 

1)  Calculates  personal  MF  exposure  level  by  incorporating  all  MF  sources  commonly  found  in  daily  living 
environment. 

2)  Applies  to  children  younger  than  17  years  old,  including  infants. 

3)  Any  person,  including  non-experts,  can  predict  personal  MF  exposure  level  if  six  personal  parameters  such  as 
gender,  age,  house  type,  house  size,  distance  between  the  residence  and  power  line,  and  power  line  voltage 
and  daily  lifestyle  of  rules  are  known. 

4)  Rules  are  variables  decided  by  electrical  appliances  usage  such  as  PC  and  electric  heat  mat.  Rules  are 
introduced  to  enhance  the  prediction  accuracy. 

5)  This  program  contains  6  types  of  personal  MF  exposure  estimation  formulas,  and  the  prediction  can  be  made 
as  accurate  as  mean  absolute  error  below  0.4mG. 

6)  This  program  will  serve  as  a  valuable  tool  in  surveying  and  evaluating  ELF  MF's  epidemiological  effects. 

B.  Calculation  Modules  of  16MAGEXPO 

16MAGEXPO  has  three  calculation  modules,  infants  and  preschool  children,  elementary  school  children  and 
junior  high  school  students  as  shown  in  Figure  3.  Figure  4  is  the  screen  shot  of  the  main  menu.  When  you  select 
a  module  button  (for  example:  Infant  and  preschool  child),  a  detailed  calculation  screen  appears  as  shown  in 
Figure  5.  In  the  calculation  screen,  enter  the  calculation  condition  first  and  execute  to  display  the  24-hour 
personal  MF  exposure  result.  If  calculating  multiple  computation  cases,  use  the  output  files  as  described  in  Table 
4. 
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C.  Main  Calculation  Functions  of  16MAGEXPO 

The  following  is  the  main  calculation  functions  of  16MAGEXPO. 

1)  Calculates  personal  MF  exposure  level  based  on  personal  traits  such  as  gender  and  age  and  living  environment 
conditions  such  as  house  size,  residence  condition,  and  power  line  voltage. 

2)  Enhances  the  estimation  accuracy  by  integrating  daily  usage  pattern  of  electrical  appliances  such  as  electric 
heat  mat  that  generate  high  magnetic  field. 

3)  The  user  maintains  the  input  file  by  entering  above  parameters  in  a  menu-driven  method. 

4)  Personal  traits,  rules,  and  calculation  results  are  stored  and  maintained  as  an  output  file  of  Table  4. 


Fig.  3  Diagram  of  16MAGEXPO  calculation  module 


Feusioiijil  MF  K\pnsure  f 'ulruljliun  Pmgr&jii 
(1GMAGEXFO) 


tni  «ni  .mil  iuntliMl  dilM 
li  l«  7  jtiri  *t  jfv) 

Frfiitary-scliOflJ  <411(1 
(tram  S  <«  I J  ('van.  vt 


Janlvr  lilph  (the*! 

N  III  If'  J  rJ.pi  Jftf) 


STOP 


Fig.  4  Main  menu  of  16MAGEXPO 


24 hr  MF  Etpiiiiirc  «lf  Infant  &  Prodioul  Child 


Fig.  5  A  24-hour  personal  MF  exposure  calculation  sample  for  infants  and  preschool  children 
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Table  4.  A  sample  of  output  file  about  24-hour  personal  MF  exposure 


G 

A 

HS 

H 

RD 

KV 

kl 

k2 

k3 

MF 

[yard2] 

[m] 

[kV] 

[hr] 

[mG] 

20.00 

11.0 

142.3 

20.00 

30.00 

345.0 

0.00 

0.00 

0.00 

1.33 

10.00 

13.0 

142.3 

20.00 

30.00 

345.0 

0.00 

0.00 

0.00 

1.33 

10.00 

8.00 

87.00 

20.00 

30.00 

345.0 

0.00 

0.00 

0.00 

1.33 

10.00 

8.00 

261.0 

10.00 

30.00 

345.0 

0.00 

0.00 

0.00 

1.17 

10.00 

8.00 

261.0 

10.00 

10.00 

345.0 

0.00 

0.00 

0.00 

3.82 

10.00 

8.00 

261.0 

10.00 

30.01 

345.0 

0.00 

0.00 

0.00 

1.17 

10.00 

8.00 

261.0 

10.00 

20.00 

345.0 

0.00 

0.00 

0.00 

1.93 

10.00 

8.00 

261.0 

10.00 

20.00 

22.90 

0.00 

0.00 

0.00 

1.16 

10.00 

8.00 

261.0 

10.00 

20.00 

22.90 

1.00 

1.00 

0.00 

3.66 

10.00 

8.00 

261.0 

10.00 

20.00 

22.90 

2.00 

1.00 

0.00 

7.66 

10.00 

8.00 

261.0 

10.00 

20.00 

22.90 

3.00 

1.00 

0.00 

4.16 

10.00 

8.00 

261.0 

10.00 

20.00 

22.90 

3.00 

1.00 

1.00 

4.56 

10.00 

8.00 

261.0 

10.00 

20.00 

22.90 

3.00 

0.00 

1.00 

3.56 

VI.  Conclusions 

The  human  health  problem  caused  by  ELF  magnetic  field  has  become  one  of  Korea's  most  debated  social  issues. 

The  possible  health  effect  on  children  less  than  17  years  of  age  is  especially  a  matter  of  primary  concern. 

Therefore,  this  paper  proposed  the  16MAGEXPO  software  that  can  estimate  personal  MF  exposure  levels  of  the 

above  children  in  their  general  living  environment.  The  key  features  and  significance  of  this  software 

development  are  as  follows: 

1)  The  data  used  to  develop  estimation  formulas  were  collected  from  347  participants. 

2)  Since  the  program  was  designed  to  estimate  the  effects  of  MF  near  power  lines,  participants  living  close  to 
power  lines  were  selected.  As  a  result,  as  much  as  24%  of  the  participants  lived  within  50m  from  power  lines. 

3)  Total  of  six  formulas  was  developed,  including  a  formula  for  infants  and  preschool  children. 

4)  The  program  chose  gender,  age,  house  type,  house  size  (square  footage),  radial  distance  between  residence 
and  power  lines  and  line  voltage  as  parameters.  This  research  revealed  that  the  voltage,  distance,  and  age 
parameters  are  highly  relative  to  the  MF  exposure  level. 

5)  First  time  in  the  world,  the  evolutionary  computation  suitable  for  this  problem  was  used  as  an  optimization 
method.  This  computation  showed  that  these  estimation  formulas  yielded  approximately  0.4mG  mean  average 
errors.  Flowever,  the  supplementary  formulas,  which  have  limited  use,  resulted  in  higher  estimation  errors. 
The  target  estimation  error  was  approximately  0.3  mG. 

6)  This  research  developed  the  personal  MF  exposure  estimation  program,  16MAGEXPO,  by  utilizing  the 
previously  mentioned  estimation  formulas  and  daily  living  patterns  (rules).  The  program  based  on  LabView 
can  be  used  to  calculate  personal  MF  exposure  for  children  less  than  17  years  of  age. 

7)  16MAGEXPO  can  serve  as  a  valuable  tool  in  estimating  24-hour  personal  MF  exposure  in  children  without 
directly  measuring. 

8)  This  software  marks  the  suggestion  of  a  new  MF  exposure  estimation  method  since  the  introduction  of  the 
wire  code  in  late  1970's.  In  addition,  this  software  will  provide  an  effective  and  practical  means  to  study  MF's 
effects  on  human  health,  especially  the  epidemiological  study  on  correlation  between  magnetic  field  and 
childhood  cancer. 
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Abstract 

In  this  study,  magnetic  field  exposure  of  human  body  near  an  induction  heating  (IH)  cooker  is  numerically 
evaluated  using  Scalar  Potential  Finite  Difference  (SPFD)  method.  The  maximum  induced  current  densities  are 
compared  among  three  kinds  of  anatomical  human  body  models  of  the  Japanese  adult  male/female  and  the 
American  adult  male.  The  induced  current  densities  are  averaged  over  one  square  centimeter  in  the  area,  and 
they  are  compared  with  the  guideline  of  International  Commission  on  Non-Ionized  Radiation  Protection 
(ICNIRP).  As  a  result,  it  is  found  that  the  maximum  induced  current  densities  are  considerably  different  among 
these  three  models  of  the  human  body,  and  the  induced  current  exceeding  the  guideline  of  ICNIRP  may  not  flow 
inside  human  body  in  the  case  with  a  portable  type  IH  cooker  and  a  pan  designed  for  the  IH  cooker.  In  addition, 
reducing  the  computation  load  and  the  computer  resource  by  dividing  the  model  is  considered.  As  a  result,  the 
difference  of  calculation  result  by  dividing  the  model  is  almost  negligible,  and  computation  load  is  decreased. 


Introduction 

Recently,  people  have  been  concerned  about  the  effect  of  the  electromagnetic  field  on  the  human  body. 
Because  the  IH  cooker  is  widespread  in  Japan,  the  Japanese  especially  has  the  interest  of  influence  on  health  by 
the  leakage  magnetic  field.  The  basic  restrictions  for  exposure  to  electromagnetic  fields  in  each  frequency  band 
are  determined  by  ICNIRP.  At  the  frequency  of  20  kHz  (internal  frequency  of  the  IH  cooker  used  in  this  study), 
the  basic  restriction  for  the  exposure  to  the  induced  current  density  is  40  mA/m2  (for  the  general  public 
exposure)  and  200  mA/m2  (for  the  occupational  exposure)[l]. 

In  this  study,  we  use  the  small  loop  as  a  magnetic  source  equivalent  to  the  IH  cooker.  We  calculate  the 
potential  and  the  induced  current  density  inside  the  body  by  SPFD  method  which  is  useful  for  the  low  frequency 
magnetic  field  exposure  problem.  We  use  the  male  and  the  female  models  of  National  Institute  of  Information 
and  Communications  Technology  (NICT)  as  Japanese  standard  human  models[2],  and  the  male  model  of  the  Air 
Force  Research  Laboratory  (AFRL)  of  Brooks  City-Base  as  a  reference^].  We  calculate  the  induced  current 
density  distribution  for  these  models,  average  them  over  a  cross-section  of  1  cm2  perpendicular  to  the  each 
direction  of  axes,  and  compare  those  magnitude  with  the  guideline  of  ICNIRP. 

Methods 


SPFD  method: 

The  SPFD  method  is  a  numerical  technique  used  for  calculating  potential  and  the  induced  current  inside 
conductor  under  the  low  frequency  magnetic  field[4].  At  first,  we  digitize  the  subject  to  three  dimension  cells. 
The  edge  conductance  s  is  posited  to  the  each  edge  of  the  cell.  The  scalar  potential  ^is  assumed  to  each  node.  A 
simple  finite  difference  equation  is  given  as 

f  6  \  6  6 


(1) 


V  r= 1  J  r= 1  r= 1 

where  r  is  the  local  node  index  (1 — 6)  and  target  node  is  labeled  0.  The  symbol  /  denotes  the  length  of  the  edge, 
and  Ar  is  the  magnetic  vector  potential  tangent  to  the  r-th  edge.  The  set  of  equations  are  arranged  to  the 
simultaneous  equations  of  unknown  W.  and  solved  by  SOR  method  or  conjugate  gradient  method. 


Numerical  models  and  source: 

In  this  study,  we  use  three  kinds  of  anatomical  human  models  (Figs. 1-3).  Figs.l  and  2  are  the  Japanese 
male  and  female  models,  respectively,  developed  by  NICT.  The  cell  size  is  2  mm.  Fig. 3  shows  the  male  model 
developed  by  AFRL.  The  cell  size  of  the  model  which  we  used  is  3  mm.  The  conductivities  of  the  tissues  in  all 
models  are  obtained  from  Gabriel's  report[4j. 
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320  cell  160  cell 


jc-r  plane  y-z  plane  x-z  plane  y-z  plane 

Fig.l  NICT  male  model  and  magnetic  source.  Fig. 2  NICT  female  model  and  magnetic  source. 

196  cell  112  cell 


x-z  plane  y-z  plane 

Fig. 3  AFRL  male  model  and  magnetic  source. 


A  small  loop  is  posited  to  0.939  m  in  height  and  the  distance  0.19  m  as  a  magnetic  source  equivalent  to  the 
IF!  cooker.  The  axis  of  the  loop  is  z-direction.  The  magnetic  moment  is  1.07xl06  wbm  when  we  use  a  portable 
IH  cooker  and  a  pan  designed  for  the  IH  cooker,  and  the  frequency  is  20  kHz. 


Averaging  filter: 

According  to  the  guideline  of  ICNIRP,  the  current  densities  should  be  averaged  over  a  cross-section  of  1 
cm2  perpendicular  to  the  current  direction[l].  We  calculate  the  running  average  using  2D  filter  like  Fig.  4  in  the 


perpendicular  plane  for  each  component  of  current.  The  cell  at  the  center  of  the  filter  represents  the  tissue  after 
averaging.  When  the  cell  size  of  the  model  is  3  mm,  an  equivalent  area  is  adjusted  to  1  cm2  by  weighting  as 


shown  in  Fig.  5. 


^-component  .v-eom  ponent 


Fig. 4  Averaging  filter  for  2  mm  model.  Fig. 5  Averaging  filter  for  3  mm  model. 
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Dividing  of  models: 

When  a  magnetic  source  is  replaced  with  small  dipole,  the  current  doesn't  have  z  component  in  the  x-y 
plane  including  the  source  since  the  external  magnetic  field  has  only  z  component  in  that  plane.  Therefore,  we 
can  calculate  the  induced  current  density  independently  by  dividing  the  body  into  the  upper  and  the  lower  half  by 
that  plane.  The  saving  of  the  computer  resource  is  expected  by  dividing  the  models.  We  investigate  whether  the 
computation  load  can  be  reduced  by  dividing  as  shown  in  Fig.  6. 

upper  half 

334  cell 


lower  half 

470  cell 


Fig. 6  Dividing  of  the  models  of  NICT. 

Results 


NICT  male  model: 

Figure  7  shows  the  comparison  between  the  raw  value  and  averaged  value,  concerning  the  maxumum 
induced  current  density  in  each  tissue  for  NICT  male  model.  Figure  8  shows  the  distribution  of  averaged  current 
densities  in  the  cross  section  of  the  same  height  as  the  source. 


fluid 

Fig. 7  Comparison  of  induced  current  density 
for  NICT  male  model. 

NICT  female  model: 

Figure  9  shows  the  comparison  between  the  ra 
induced  current  density  in  each  tissue  for  NICT  femr 
current  densities  in  the  cross  section  of  the  same  height 


-0.3  -0.2  -0.1  0  0.1  0.2  0.3 


x[m] 

Fig.  8  The  distribution  of  averaged  current  density 
for  NICT  male  model. 

value  and  averaged  value,  concerning  the  maxumum 
model.  Figure  10  shows  the  distribution  of  averaged 
the  source. 


100 


fluid 


Fig. 9  Comparison  of  induced  current  density 
for  NICT  female  model. 


-0.3  -0.2  -0.1  0  0.1  0.2  0  3 


x[m] 

Fig.  10  The  distribution  of  averaged  current  density 
for  NICT  female  model. 
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AFRL  male  model: 

Figure  1 1  shows  the  comparison  between  the  raw  value  and  averaged  value,  concerning  the  maximum 
induced  current  density  in  each  tissue  for  AFRL  male  model.  Figure  12  shows  the  distribution  of  averaged 
current  densities  in  the  cross  section  of  the  same  height  as  the  source. 


too 


so 


"g  60 

E 

T  40 
20 


0 

Fat  Spinal  Muscle  Intestine  Blood  Skin 
fluid 

Fig.l  1  Comparison  of  induced  current  density 
for  AFRL  male  model. 


-0.3  -0.2  -0.1  0  0.1  0.2  0.3 
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Fig.  12  The  distribution  of  averaged  current  density 
for  AFRL  male  model. 


According  to  Figs.  7,  9,  and  11,  the  averaged  current  densities  do  not  exceed  the  basic  restriction  40 
mA/m2  of  ICNIRP  for  the  general  public.  Generally,  the  model  with  a  fat  body  has  the  trend  with  large  averaged 
current  density. 


Reduction  of  computation  load  by  dividing  of  models: 

Comparing  the  maximum  value  of  the  division  model  with  the  value  of  the  whole  body  model,  they  are 
almost  corresponding  (Figs.  13,  14).  Tables  1  and  2  show  the  required  computer  resource  in  our  computation  of 
the  induced  current  densities.  The  computing  time  is  proportional  to  the  multiplication  of  the  memory  usage  with 
the  number  of  repetitions.  Convergence  in  the  upper  half  model  has  quickened  due  to  dividing  of  the  model,  and 
the  computing  time  could  be  saved 


so  — 


■  Whole  body  □  Upper  half  □  Lower  half 


fluid 


Fig.  13  Maximum  of  averaged  current  density 
for  divided  NICT  male  model. 


■  Whole  body  ■  Upper  half  □  Lower  half 


Fal  Spinal  Muscle  Intestine  Blood  Skin 
fluid 


Fig.  14  Maximum  of  averaged  current  density 
for  divided  NICT  female  model. 


Table  1  Reduction  of  computor  load  by  dividing  of  the  NICT  male  model. 


No.  of  reputation 

N 

Memory  usage 

M  (MB) 

Load  ratio 
of  N*M  (%) 

Whole  body 

24466 

1532 

100 

Upper  half 

9311 

707 

17.6 

Lower  half 

21664 

837 

48.4 

Division  model 

66.0 

Table  2  Reduction  of  computor  load  by  dividing  of  the  NICT  female  model. 


No.  of  reputation 

N 

Memory  usage 

M  (MB) 

Load  ratio 
of  N*M  (%) 

Whole  body 

17797 

1423 

100 

Upper  half 

6812 

598 

16.1 

Lower  half 

17727 

836 

58.5 

Division  model 

74.6 
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Summary 

We  have  replaced  the  IH  cooker  by  the  small  loop,  and  provided  the  magnetic  vector  potential  required  by 
the  SPFD  method  theoretically.  The  induced  current  densities  have  been  obtained  using  Japanese  anatomically 
models  and  the  SPFD  methods.  As  a  result,  it  is  found  that  the  averaged  current  densities  of  them  is  lower  than 
that  of  the  American  male  model.  The  induced  current  exceeding  the  guideline  of  ICNIRP  may  not  flow  inside 
human  body  in  the  case  with  a  portable  type  IH  cooker  and  a  pan  designed  for  the  IH  cooker. 
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Abstract 

The  Greek  Atomic  Energy  Commission  (EEAE)  is  the  competent  national  authority  for  the  protection  of  the 
general  public  and  the  environment  from  artificially  produced  non-ionizing  radiation.  To  this  end,  EEAE  carries 
out  measurements  in  the  vicinity  of  all  kinds  of  sources  emitting  ELF  electric  and  magnetic  fields  (e.g.  power 
lines  and  substations),  in  order  to  monitor  whether  the  general  public  exposure  limits  are  being  adhered  to.  The 
limit  values  for  the  ELF  fields  in  Greece  are  set  exactly  the  same  as  those  in  ICNIRP’s  guidelines.  EEAE  has 
conducted  many  measurements  regarding  the  levels  of  ELF  electric  and  magnetic  fields  in  Greece  around  the 
elements  of  the  electric  power  grid  where  the  main  interest  of  the  public  is  focused.  Theoretical  estimations  and 
typical  values  based  on  actual  measurements  of  the  fields  in  the  vicinity  of  all  the  power  lines  used  in  Greece  are 
presented.  Measurement  results  in  the  vicinity  of  substations  are  also  presented.  In  general,  the  levels  of  the 
magnetic  field  in  the  vicinity  of  the  power  grid  elements  are  well  below  the  established  limits;  whereas  the  levels 
of  the  electric  field  may  reach  values  comparable  to  the  safety  limits  very  close  to  extremely  high  voltage  lines. 
However,  there  is  no  case  where  the  measured  values  of  electric  or  magnetic  fields  were  higher  than  the  safety 
limits. 


Introduction 

Extremely  low  frequency  or  ELF  electric  and  magnetic  fields  are  omnipresent  in  modern  societies.  The 
possibility  that  long-term  exposure  to  these  fields  might  cause  adverse  health  effects  is  a  source  for  concern, 
especially  for  those  people  residing  or  working  nearby  high  voltage  lines  or  substations.  Competent  international 
scientific  committees  are  watching  the  scientific  developments  in  order  to  reach  general  conclusions  about  the 
health  effects  of  these  fields,  [1]. 

In  2002,  Greece  put  into  force  a  legislative  act,  [2],  implementing  the  recommendation,  [3],  of  the  Council  of  the 
European  Union,  adopting  ICNIRP’s  limit  values,  [4],  for  the  protection  of  the  general  public.  The  competent 
national  authority  for  the  protection  of  the  general  public  and  the  environment  from  artificially  produced  non¬ 
ionizing  radiation  in  Greece  is  the  Greek  Atomic  Energy  Commission  (EEAE).  To  this  end,  the  EEAE  carries 
out  measurements  in  the  vicinity  of  all  kinds  of  facilities  emitting  ELF  electric  and  magnetic  fields  (e.g.  power 
lines,  high  voltage  substations)  in  order  to  monitor  whether  the  general  public  exposure  limits  are  being  adhered 
to.  The  EEAE  has  been  accredited  in  accordance  with  the  requirements  of  the  EN  IS0/IEC  17025  standard  for 
performing  this  kind  of  measurements.  Figure  1  shows  the  number  of  annual  audits  conducted  by  the  Non 
Ionizing  Radiation  Office  of  EEAE  in  the  vicinity  of  ELF  sources.  There  is  an  incremental  tendency  in  these 
measurements  reflecting  the  increasing  interest  for  them. 
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ANNUAL  ELF  AUDITS  BY  THE  N.I.R.  OFFICE 
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Fig.  1.  Annual  audits  conducted  by  the  Non  Ionizing  Radiation  office  of  EEAE  concerning  ELF  sources. 


In  the  next  paragraphs  the  main  sources  of  ELF  electric  and  magnetic  field  exposure  of  the  general  public  are 
presented.  Domestic  sources  as  the  electrical  appliances,  internal  wiring  and  currents  on  large  grounded  metallic 
objects  as  water  pipes,  drains  and  rails  are  presented.  Also,  the  exposure  resulted  from  the  electric  power 
transmission  and  distribution  system  is  examined.  Special  emphasis  is  given  to  the  situation  in  Greece  and  its 
particularities  in  relation  to  other  parts  of  the  world.  That  is  because  the  levels  of  the  electric  and  magnetic  fields 
are  to  an  important  extent  depending  on  the  practices  applied  at  electrical  installations  and  on  the  electric  power 
grid  construction  and  operation,  which  might  be  quite  different  from  country  to  country,  [5]. 


Domestic  Sources 

In  domestic  environments  the  most  common  sources  of  ELF  fields  are  the  electric  appliances,  the  internal  wiring 
as  well  as  the  currents  in  large  grounded  objects  as  water  pipes,  drains  and  rails.  These  sources  mainly  create 
magnetic  fields  in  their  vicinity,  because  the  created  electric  field  is  small  due  to  the  low  voltage  and  is  further 
attenuated  by  closures,  walls  etc. 

The  magnetic  fields  produced  by  appliances  are  rapidly  attenuated  with  increasing  distance  from  them  and  are 
noteworthy  at  distances  much  lower  than  1  meter.  The  field  at  the  surface  of  the  appliance  might  be  very  strong, 
reaching  values  of  hundreds  |iT.  However,  in  most  practical  cases  the  human  exposure  takes  place  at  much 
greater  distances.  Exceptions  to  this  are  devices  that  require  their  operator  to  be  in  close  vicinity  as  electric 
shavers  and  hair  driers.  However,  these  devises  are  usually  used  for  short  time -periods  each  day  and  so  the 
exposure  of  their  operators  is  limited.  Furthermore,  exposure  from  these  devises  is  locally  focused  in  a  small  area 
of  the  body  and  the  coupling  of  the  field  with  the  human  body  is  weak.  Taking  into  account  these  special 
exposure  situations  it  is  rather  impossible  that  exposure  from  these  sources  might  be  capable  to  stimulate  the 
neural  or  muscle  cells. 

The  internal  electrical  wiring  usually  does  not  create  important  magnetic  field  levels  in  its  vicinity.  The  involved 
practices  applied  at  the  construction  of  these  installations  are  described  in  the  electrical  safety  codes  for  the 
avoidance  of  the  electrocution  and  other  dangers.  According  to  the  safety  code  in  Greece,  [6],  but  also  in  many 
other  parts  of  the  world,  the  currents  at  the  internal  wirings  create  magnetic  fields  that  at  a  great  extent  cancel 
each  other.  However,  in  the  rare  cases  of  installations  not  complying  with  the  terms  of  the  safety  code,  it  is 
possible  to  find  unusually  strong  magnetic  fields,  due  to  faulty  connections  or  leakage  currents.  The  existence  of 
strong  magnetic  fields  from  the  internal  wiring  might  be  an  indication  of  an  installation  not  complying  with 
electrical  safety  codes  and  even  hiding  risks  for  electrocution  or  other  dangers  (as  initiation  of  a  fire). 

It  is  noteworthy  that  in  Greece  the  main  supply  is  50Hz  and  220V  ac  voltage  (as  in  the  rest  of  Europe).  That 
means  that  the  currents  used  in  electric  appliances  and  the  magnetic  fields  associated  with  them  are  roughly  half 
of  those  that  are  used  in  other  parts  of  the  world  (as  the  North  America)  where  1 10V  are  used.  Furthermore  the 
50Hz  magnetic  fields  in  Europe  induce  20%  less  internal  fields  and  currents  in  the  body  of  an  exposed  individual 
in  relation  to  the  60Hz  used  in  North  America. 

Another  important  source  of  domestic  ELF  magnetic  fields  might  be  the  existence  of  ground  currents  at  large 
grounded  objects  as  water  pipes,  drains  and  rails.  These  currents  create  elevated  levels  of  background  magnetic 
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fields,  i.e.  fields  that  decay  relatively  slowly  with  the  distance  from  their  source.  These  currents  are  actually  a 
portion  of  the  returning  currents  normally  located  at  the  neutral  conductor.  However,  the  multiple  ground 
connections  of  the  neutral  conductor  allow  alternative  paths  for  the  flow  of  the  returning  currents  back  to  the 
power  grid  through  large  grounded  metallic  objects  as  water  pipes,  figure  2.  Ground  currents  typically  flow  if 
there  is  a  fault  on  the  power  system  or  they  can  be  a  normal  condition,  if  there  are  many  connections  of  the 
neutral  conductor  to  the  ground.  However,  the  use  of  non-conductive  parts  at  the  water  supply  system 
significantly  reduces  the  levels  of  the  return  currents. 
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Fig.  2.  Mechanisms  for  the  creation  of  ground  return  currents.  The  connection  of  the  neutral  conductor  with  the 
protective  earth  (ground)  at  the  beginning  of  each  consumer  installation  is  either  prohibited  or  imperative  in 
Greece,  depending  on  the  geographic  area. 


Electric  power  distribution 

The  electric  power  distribution  network  is  consisted  of  the  low  and  medium  voltage  network  used  for  the 
delivery  of  the  electric  power  as  well  as  the  medium  to  low  voltage  substations.  In  Greece  the  low  voltage  is  at 
the  nominal  level  of  220/3 80V.  The  medium  voltage  is  at  various  nominal  levels  but  the  last  years  it  is  being 
standardized  to  20kV. 

The  low  voltage  network  is  the  final  piece  of  the  electric  network  used  for  the  delivery  of  the  electric  power  at 
home  level.  This  network  consists  of  overhead  and  underground  lines.  These  lines  create  mainly  magnetic  fields 
in  their  vicinity.  The  created  magnetic  fields  may  reach  values  up  to  a  few  |iT  close  to  the  conductors  and 
attenuate  at  much  lower  levels  a  few  meters  away  from  the  lines.  However,  the  low  voltage  loads  are  usually  not 
well  balanced  on  the  three  phases  of  the  system  and  that  causes  the  appearance  of  currents  on  the  line  neutral 
conductor.  A  portion  of  this  current  might  flow  on  large  grounded  metallic  objects  in  the  vicinity  of  the  line  but 
in  special  circumstances  also  far  from  it,  with  the  results  described  in  the  previous  paragraph.  That  also  means 
that  there  is  a  net  current  on  the  line  producing  magnetic  fields  that  decay  relatively  slow  with  the  distance  from 
it. 

The  medium  voltage  network  is  used  for  the  power  supply  of  the  substations  feeding  the  low  voltage  network  as 
well  as  for  the  immediate  supply  of  large  consumers.  The  voltage  in  this  network  is  many  times  higher  than  that 
in  low  voltage  network  and  so  the  currents  are  many  times  lower  for  the  same  amount  of  transferred  power. 
Table  1  includes  typical  EMF  values  found  in  the  vicinity  of  medium  voltage  lines  in  Greece.  It  is  noteworthy 
that  the  medium  voltage  lines  do  not  suffer  from  the  unbalances  mentioned  for  low  voltage  lines,  because  the 
medium  voltage  loads  are  usually  well  balanced  and  the  medium  to  low  voltage  substations  act  as  barriers  not 
allowing  the  low  voltage  unbalance  to  pass  on  the  medium  voltage  side. 

The  medium  to  low  voltage  substations  are  usually  sources  of  public  concern.  The  attention  is  mistakenly 
focused  on  the  transformer,  which  is  used  for  power  transmission  from  one  voltage  level  to  another.  However, 
the  transformer  itself  is  not  producing  any  significant  levels  of  electric  and  magnetic  fields  in  its  vicinity.  It  is  the 
medium  and  low  voltage  conductors  connected  to  the  transformer  that  create  the  electric  and  magnetic  fields. 
Typically,  the  medium  voltage  equipment  is  the  dominant  source  of  the  electric  fields  and  the  low  voltage  one  is 
the  dominant  source  for  the  magnetic  fields  close  to  a  substation.  The  electric  and  magnetic  fields  produced  by 
these  substations  does  not  extent  further  than  a  few  meters  from  it.  However,  the  current  on  the  low  voltage 
lines,  which  are  fed  by  the  substation,  is  higher  close  to  the  substation  than  far  from  it,  as  the  electric  power  is 
dispatched  to  the  various  consumers  along  the  line’s  way. 
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Electric  power  transmission 

High  and  extremely  high  voltage  lines  are  used  to  carry  vast  amounts  of  electric  power.  In  Greece  the  main 
centers  for  electric  power  generation  are  located  at  the  north  part  of  the  country;  whereas  the  main  consumption 
is  occurring  at  the  south  part  nearby  Athens  metropolitan  area.  Three  double  circuit  400kV  (extremely  high 
voltage)  power  lines  are  used  to  carry  the  electric  power  from  the  north  to  the  south.  Also,  400kV  power  lines 
are  used  for  the  interconnections  with  the  neighbour  countries  at  the  north.  The  rest  of  the  transmission  is  mainly 
accomplished  with  150kV  (high  voltage)  single  or  double  circuit  power  lines. 

Figure  3  shows  typical  levels  of  the  electric  and  magnetic  fields  in  the  vicinity  of  the  150kV  overhead  power 
lines  used  in  Greece.  The  magnetic  field  calculations  refer  to  50MVA  apparent  transferred  power,  which  is 
considered  typical  for  this  level  of  voltage.  The  capacity  for  power  transmission  of  these  lines  reaches  202MVA 
per  three-phase  circuit.  In  the  3rd  row  of  this  figure  the  fields  in  the  vicinity  of  compact  single  circuit  line  are 
shown.  This  line  creates  the  least  field  levels  in  its  vicinity  as  it  was  also  shown  in  [7]. 

Similarly,  figure  4  shows  typical  levels  of  the  electric  and  magnetic  fields  in  the  vicinity  of  400kV  power  lines 
used  in  Greece.  For  these  lines  the  magnetic  field  calculations  refer  to  a  typical  level  of  apparent  transferred 
power  of  350MVA  (typical  capacity  is  1400MVA  per  three-phase  circuit).  In  the  2nd  and  3rd  row  of  this  figure 
the  fields  in  the  vicinity  of  a  double  circuit  line  with  different  phase  arrangements  are  shown.  The  double  circuit 
400kV  power  lines  in  Greece  used  to  be  constructed  with  the  symmetrical  phase  arrangement  on  the  two  circuits 
(2nd  row).  However,  for  the  barrel  type  double  circuit  lines  used  in  Greece,  this  phase  arrangement  is  not  the 
optimum  for  the  reduction  of  the  produced  electric  and  magnetic  fields  (actually  for  the  parallel  operation  of  the 
two  circuits  this  phase  arrangement  is  the  worst  one)  and  this  led  to  elevated  levels  of  electric  and  magnetic 
fields.  The  new  400kV  double  circuit  lines  are  now  constructed  with  opposite  phase  sequence  on  the  two 
circuits,  which  is  the  optimum  phase  arrangement  (3rd  row)  for  this  type  of  lines  and  leads  to  reduced  electric 
and  magnetic  fields,  [7].  Also,  the  phase  sequence  on  the  existing  power  lines  of  this  kind  were  switched  to  the 
optimum  one  causing  significant  reduction  of  the  produced  fields, [8]. 

In  Greece  there  are  about  10000km  of  overhead  high  voltage  power  lines  (400kV  and  150kV)  as  well  as  200km 
of  underground  high  voltage  power  lines  (150kV).  The  later  are  used  for  transferring  high  voltage  power  in  the 
dense  populated  urban  areas.  Underground  cables  do  not  produce  any  electric  field  above  the  ground.  Comparing 
the  magnetic  fields  produced  by  an  overhead  and  an  underground  high  voltage  line,  carrying  the  same  power,  the 
underground  cable  produces  a  higher  magnetic  field  value  in  a  narrow  area  right  above  it  (figure  5). 

Table  2  shows  worst-case  values  (based  on  theoretical  estimations)  and  typical  values  (based  on  actual 
measurements)  of  electric  and  magnetic  fields  in  the  vicinity  of  the  power  lines  used  in  Greece.  The  levels  of  the 
magnetic  field  are,  as  a  rule,  much  lower  than  ICNIRP’s  reference  level  for  general  public  exposure  to  50Hz 
magnetic  fields  (lOOpT),  [4].  The  levels  of  the  electric  field  can  reach  values  close  to  5kV/m  (ICNIRP’s 
reference  level  for  general  public  exposure  to  50Hz  electric  fields)  under  400kV  lines  and  under  worst-case 
considerations.  However,  in  no  case  the  measured  values  for  the  electric  field  were  higher  than  ICNIRP’s 
reference  level. 


High  Voltage  Substations 

Regarding  the  electric  and  magnetic  fields  produced  in  the  vicinity  of  high  voltage  substations  the  measurements 
conducted  by  EEAE  have  shown  that  the  equipment  installed  into  the  substation  does  not  produce  any  significant 
values  of  electric  and  magnetic  fields  outside  the  substation.  It  is  the  power  lines  connected  to  it,  that  produce  the 
levels  of  electric  and  magnetic  fields  measured  in  the  vicinity  of  the  substations.  Figure  6  shows  a  satellite  photo 
of  Agios  Stefanos  400kV  substation  of  the  Greek  power  transmission  system.  EEAE  was  called  upon  to  examine 
the  levels  of  the  produced  fields  outside  this  substation  and  performed  measurements  around  the  perimeter  of  it. 
The  routes  of  the  power  lines  connected  to  the  substation  as  well  as  the  measurement  points  are  indicated  in 
figure  6.  These  measurements  verified  that  far  from  the  power  lines  there  are  insignificant  levels  of  fields, 
whereas  close  to  the  power  lines  the  typical  electric  and  magnetic  field  levels  in  the  vicinity  of  the  corresponding 
lines  are  found. 
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Table  1.  Electric  and  magnetic  field  levels  at  the  vicinity  of  the  power  lines  used  in  Greece.  The  values  refer  at  a 
distance  of  2m  above  ground  level  in  the  vicinity  of  overhead  lines  and  at  ground  surface  in  the  vicinity  of 
underground  cables. _ 
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Fig  3.  Typical  levels  for  the  magnetic  field  (on  the  left)  and  electric  field  (on  the  right)  in  the  vicinity  of  the 
150kV  overhead  power  lines  used  in  Greece.  The  considered  clearance  of  the  conductors  to  the  ground  was  12m 
and  the  indicated  power  line  types  are: 

1st  row:  single  circuit  line  on  steel  lattice  towers 
2nd  row:  double  circuit  line  on  steel  lattice  towers 
3rd  row:  compact  single  circuit  line  on  poles 
4th  row:  compact  double  circuit  line  on  poles 
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Fig  4.  Magnetic  field  (on  the  left)  and  electric  field  (on  the  right)  in  the  vicinity  of  the  400kV  overhead  power 
lines  used  in  Greece.  The  considered  clearance  of  the  conductors  to  the  ground  was  15m  and  the  indicated  power 
line  types  are: 

1st  row:  single  circuit  line 

2nd  row:  double  circuit  line  with  the  symmetrical  phase  arrangement 
3rd  row:  double  circuit  line  with  the  optimum  phase  arrangement 


100  20  10  5  2  1  0  5  0  2  0.1  0-05 


Fig.  5.  Magnetic  field  in  the  vicinity  of  a  150kV  underground  cable  carrying  50MVA.  The  considered  cable  is 
buried  at  1.5m  depth  and  the  distance  between  the  neighbor  pole  centers  is  25cm. 
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Fig.  6.  Satellite  photo  of  Agios  Stefanos  400kV  substation  (Greece)  where  the  routes  of  150kV  and  the  400kV 
power  lines  connected  to  it  and  the  locations  where  EEAE  have  conducted  measurements  outside  its  perimeter 
are  indicated. 

Conclusion 

The  main  sources  of  ELF  magnetic  field  exposure  of  the  general  public  in  domestic  environments  are  the 
electrical  appliances,  the  internal  wiring  and  the  return  currents  on  large  grounded  metallic  objects  as  water 
pipes,  drains  and  rails.  The  electrical  appliances  produce  fast  decreasing  fields  with  distance  that  typically  are 
considered  important  only  for  those  devises  where  the  operator  must  be  in  the  close  vicinity  of  them.  The 
internal  wiring  normally  does  not  produce  any  significant  levels  of  magnetic  fields,  unless  there  is  a  faulty 
connection  or  a  leakage  current.  The  return  currents  on  large  grounded  metallic  objects  as  water  pipes,  drains  and 
rails  cause  elevated  levels  of  background  magnetic  fields. 

Unbalanced  loads  at  low  voltage  lines  might  cause  net  currents  on  them  creating  magnetic  fields  that  decay 
relatively  slowly  with  the  distance.  The  medium  voltage  network  does  not  suffer  from  these  unbalances.  The 
medium  to  low  voltage  transformer  does  not  actually  produce  any  fields  in  its  environment.  It  is  the  lines 
connected  to  it  that  produce  the  electric  and  magnetic  fields  in  its  vicinity. 

The  electric  and  magnetic  fields  in  the  vicinity  of  high  and  extremely  high  voltage  power  lines  depend  on  the 
type  of  line,  its  load  and  the  distance  from  it.  In  Greece  the  application  of  the  optimum  phase  arrangement  at 
double  circuit  400kV  power  lines  caused  a  significant  reduction  of  EMF  levels  around  them.  Furthermore,  the 
use  of  compact  lines  also  reduces  the  produced  fields  in  relation  to  lines  with  normal  dimensions.  Underground 
cables  create  magnetic  fields  that  decay  very  fast  with  distance  from  them.  However,  the  magnetic  field  might  be 
higher  than  that  of  an  overhead  line  in  a  narrow  zone  above  the  cables. 
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Abstract 

The  Greek  Atomic  Energy  Commission  (EEAE)  is  the  competent  national  authority  for  the  protection  of  the 
general  public  and  the  environment  from  artificially  produced  non-ionizing  radiation.  To  this  end,  EEAE  carries 
out  measurements  in  the  vicinity  of  all  kinds  of  sources  emitting  RF  electromagnetic  fields  (e.g.  audio,  radio  and 
television  antennas,  mobile  phone  base  stations,  radar  and  satellite  earth  stations  and  other  microwave 
communication  systems),  in  order  to  monitor  whether  the  general  public  exposure  limits  are  being  adhered  to. 
The  safety  limits  in  Greek  legislation  for  the  electromagnetic  fields  emitted  by  antenna  stations,  were  recently  set 
to  70%  of  the  ICNIRP’s  values  and  to  60%  of  them  if  the  antenna  station  is  closer  than  300m  from  the  perimeter 
of  kindergartens,  schools,  hospitals  or  eldercare  facilities.  There  are  a  few  exceptional  cases  where 
measurements  of  RF  fields  conducted  by  EEAE  in  the  vicinity  of  radio  and  TV  broadcasting  antennas  have 
revealed  excess  of  ICNIRP’s  reference  levels.  The  results  of  one  such  case  are  presented.  About  70%  of  the  RF 
measurements  conducted  by  EEAE  concern  cellular  phone  base  stations.  EEAE  has  conducted  measurements  in 
the  vicinity  of  1200  such  stations  and  virtually  in  all  measurements  the  results  are  from  tens  to  thousands  times 
below  ICNIRP’s  reference  levels  for  general  public  protection. 


Introduction 

The  proliferation  of  wireless  communication  technologies  caused  a  radical  change  on  the  modern  society.  In 
Greece  the  penetration  of  cell  phones  is  about  80%  that  is  close  to  the  average  of  the  developed  world.  At  the 
same  time  there  is  an  increasing  concern  among  people  residing  nearby  cell  phone  base  stations  about  adverse 
health  effects  caused  by  the  presence  of  the  station. 

In  order  to  protect  against  known  effects  of  the  exposure  to  electromagnetic  fields,  competent  committees  as 
ICNIRP  have  developed  exposure  guidelines,  [1],  In  the  recommendation,  [2],  issued  in  1999,  the  EU  Council 
adopted  ICNIRP’s  guidelines  for  the  protection  of  the  general  public.  Implementing  this  recommendation, 
Greece  put  into  force  a  national  legislative  act  concerning  the  protection  of  the  public  from  exposure  to 
electromagnetic  fields  emitted  by  all  kinds  of  land-based  antenna  stations,  [3]  in  2000.  The  limits  in  Greek 
legislation  were  set  to  80%  of  the  European  Recommendation  values.  Recently,  however,  the  Greek  Parliament 
has  voted  the  Law  [4]  setting  the  Greek  limit  values  at  70%  of  the  European  Recommendation  values,  in  general, 
and  60%  of  them,  if  the  antenna  station  is  closer  than  300m  from  kindergartens,  schools,  hospitals  or  elder-care 
facilities. 

The  competent  national  authority  for  the  protection  of  the  general  public  and  the  environment  from  artificially 
produced  non-ionizing  radiation  in  Greece  is  the  Greek  Atomic  Energy  Commission  (EEAE).  To  this  end,  the 
EEAE  carries  out  measurements  in  the  vicinity  of  all  kinds  of  facilities  emitting  RF  electromagnetic  fields  (e.g. 
audio,  radio  and  television  antennas,  mobile  phone  base  stations,  radar  and  satellite  earth  stations  and  other 
microwave  communication  systems),  in  order  to  monitor  whether  the  general  public  exposure  limits  are  being 
adhered  to.  The  EEAE  has  been  accredited  in  accordance  with  the  requirements  of  the  EN  IS0/IEC  17025 
standard  for  performing  this  kind  of  measurements.  Figure  1  shows  the  number  of  annual  audits  conducted  by 
the  Non  Ionizing  Radiation  Office  of  EEAE  regarding  RF  sources.  There  is  an  incremental  tendency  in  these 
measurements  reflecting  the  increasing  interest  for  them. 
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RF  AUDITS  BY  THE  N.I.R.  OFFICE 
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Fig.  1.  Annual  audits  conducted  by  the  Non  Ionizing  Radiation  office  of  EEAE  concerning  RF  sources. 


In  the  next  paragraphs  results  of  measurements  conducted  by  EEAE  in  the  vicinity  of  the  most  common  types  of 
antenna  stations  are  presented.  Though  the  use  of  mobile  phones  is  the  major  source  of  exposure  to  RF 
electromagnetic  fields,  mobile  phones  are  not  treated  in  this  paper.  That  is  because  the  measurements  conducted 
by  EEAE  generally  concern  fixed  antenna  stations  as  mobile  phone  base  stations,  radio  and  TV  broadcasting 
stations  radar  and  satellite  earth  stations  and  other  microwave  communication  systems.  The  purpose  of  these 
measurements  is  to  check  compliance  with  the  limits  set  in  the  Greek  legislation.  Figure  2  shows  the  percentage 
of  the  measurements  conducted  in  the  vicinity  of  mobile  phone  base  stations,  radio  and  TV  broadcasting 
antennas  as  well  as  radar  facilities.  The  majority  of  measurements  concern  mobile  phone  base  stations.  This  big 
ratio  is  due  to  the  constantly  increasing  relevant  requests  from  municipal  authorities,  individual  citizens  and  even 
the  mobile  phone  network  operators. 


RF  Measurements 
from  2000  until  today 
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Fig.  2.  Percentage  of  the  measurements  conducted  by  EEAE  regarding  mobile  phone  base  stations,  radio  and  TV 
broadcasting  antennas  and  radar  facilities. 


984 


SOURCES  AND  LEVELS  OF  RF  EM  FIELDS  IN  GREECE 


Mobile  phone  base  stations 

Mobile  phone  base  station  antennas  in  Greece  are,  as  everywhere  else,  placed  either  on  top  of  large  metal  pylons 
(in  rural  places)  or  on  poles  on  top  of  buildings  (in  urban  areas).  Nowadays,  it  is  also  common  to  find  micro 
antennas  in  the  interior  of  big  buildings  such  as  airports,  metro  stations,  stadiums,  etc,  where  a  lot  of  people  are 
assembled.  Throughout  the  country  there  are  about  6000  base  stations  installed  until  now,  including  the  new 
UMTS  stations.  The  EEAE  has  conducted  measurements  in  the  vicinity  of  almost  1250  such  stations  and 
practically  in  all  cases  the  results  were  found  to  be  from  tens  to  thousands  times  below  ICNIRP’s  reference 
levels  for  general  public  exposure.  Table  1  shows  typical  maximum  levels  of  the  electromagnetic  fields 
measured  in  the  vicinity  of  mobile  phone  base  stations  in  Greece.  It  is  noted  that  these  values  refer  to  the 
maximum  value  at  worst-case  selected  areas  in  the  vicinity  of  the  base  station.  These  areas  are  usually  on  the 
roofs  of  nearby  tall  buildings  in  the  main  lobe  directions  of  the  base  station’s  antennas.  The  levels  of  the 
electromagnetic  fields  caused  by  these  stations  at  areas  where  people  normally  dwell  or  work  are,  as  a  rule,  much 
lower. 


Table  1.  Typical  maximum  values  of  electromagnetic  radiation  in  the  vicinity  of  mobile  phone  base  stations  and 
the  reference  levels  imposed  by  the  Greek  legislation  for  the  frequencies  used  in  mobile  phone  systems. 


Electric  field 
(V/m) 

Magnetic  field 
(A/m) 

Equiv.  Power 
Density  (W/m2) 

Typical  maximum  values 

0.25-5 

0.0005-0.01 

0.0002  -0.05 

Reference  levels  for 
GSM-900* 

70% 

34.5 

0.0929 

3.1 

60% 

31.9 

0.0860 

2.7 

Reference  levels  for 
GSM-1800* 

70% 

48.8 

0.1313 

6.3 

60% 

45.2 

0.1216 

5.4 

Reference  levels  for 
UMTS*  (2100MHz) 

70% 

51 

0.1339 

7 

60% 

47.2 

0.1239 

6 

*  The  Greek  limits  are  set  to  70%  of  ICNIRP’s  values  for  the  electromagnetic  fields  in  the  vicinity  of  antenna 
systems  further  than  300m  from  the  perimeter  of  day  nurseries,  schools,  hospitals  or  elder-care  facilities  and  to 
60%  of  ICNIRP’s  values  closer  than  300m  from  these  facilities.  The  Greek  reference  levels  are  calculated  from 
corresponding  basic  restrictions  set  to  70%  and  60%  per  case  of  ICNIRP’s  basic  restrictions. 

Radio  and  TV  broadcast  stations 

In  many  cases,  a  great  number  of  powerful  radio  and  TV  broadcasting  installations  have  been  assembled  in  one 
place  forming  an  antenna  park.  In  some  of  these  places,  measurements  conducted  by  EEAE  have  revealed  excess 
of  ICNIRP’s  reference  levels.  Usually,  the  excess  is  limited  a  few  meters  away  from  the  antenna  installations.  In 
a  specific  and  exceptional  case,  the  side  lobe  of  a  powerful  installation  in  an  antenna  park  near  Herakleion,  Crete 
Island  radiates  a  nearby,  elevated  area  where  an  army  camp  is  situated,  causing  excess  of  ICNIRP’s  reference 
levels  in  almost  half  of  the  camp  (see  figure  3). 

EEAE  was  called  upon  to  examine  the  levels  of  the  electromagnetic  radiation  caused  by  this  antenna  park.  The 
measurements  performed  by  EEAE  revealed  levels  of  electromagnetic  fields  much  in  excess  of  Greek  reference 
levels  (and  ICNIRP  reference  levels  as  well).  After  that,  the  area  where  the  excess  occurs  was  defined  and 
special  signs  were  temporally  set  in  order  to  warn  the  personnel  of  the  high  EMF  levels,  until  the  competent 
authorities  take  all  the  appropriate  remedial  actions.  Figure  3  indicates  the  area  where  the  electromagnetic  fields 
exceed  the  Greek  reference  levels  and  the  points  where  measurements  have  been  taken.  Besides  measuring  the 
levels  of  the  electromagnetic  fields  spectral  analyses  were  also  performed  in  order  to  specify  the  contribution  of 
each  source  to  the  measured  levels.  Figures  4  and  5  show  the  results  of  spectral  analyses  per  service  and  per  FM 
radio  station,  respectively,  conducted  at  point  Ml  (a  typical  point).  These  analyses  revealed  that  the  major 
contribution  at  the  measured  fields  came  from  FM  radio  stations  and  particularly  from  a  single  radio  station 
operating  at  97.5MFlz. 
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Fig  3.  A  sketch  of  the  camp  and  the  surrounding  area  showing  the  points  of  measurement  (Ml-  12)  and  the  area 
in  red  where  the  RF  radiation  exceeds  the  Greek  reference  levels.  The  photo  shows  the  radio  station  antenna 
causing  the  high  radiation  levels. 


Service 


Fig.  4.  Spectral  analysis  per  service  for  the  electromagnetic  radiation  at  point  Ml. 
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Fig.  5.  Spectral  analysis  per  FM  radio  station  for  the  electromagnetic  radiation  at  point  Ml. 
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Radar  Stations 

EEAE  has  also  conducted  measurements  in  the  vicinity  of  radar  installations.  Despite  the  powerful  emitted 
pulses  the  exposure  in  the  vicinity  of  these  installations  is  in  general  some  hundreds  to  thousand  times  lower  than 
ICNIRP’s  reference  values  for  general  public  protection.  It  is  noteworthy  that  the  measurement  process  in  these 
cases  is  much  more  difficult  and  time  requiring  because  the  instrument’s  response  to  pulsed  modulated  fields  has 
to  be  taken  into  account  and  the  peak  and  average  exposure  has  to  be  calculated. 


Conclusions 

EEAE  carries  out  measurements  in  the  vicinity  of  all  devices  emitting  RF  electromagnetic  fields  throughout 
Greece  in  order  to  check  compliance  with  the  limits  imposed  by  the  Greek  Legislation.  To  that  end  over  one  and 
a  half  thousand  audits  have  been  performed.  It  is  noted  that  the  Greek  limits  were  recently  set  to  70%  of 
ICNIRP’s  values  in  general,  and  60%  of  ICNIRP’s  values  for  exposure  caused  by  antenna  station  at  a  distance 
lower  than  300m  from  the  perimeter  of  day  nurseries,  schools,  hospitals  or  elder-care  facilities. 

The  results  of  RF  electromagnetic  field  measurements  show  that  there  might  be  cases  where  powerful  radio  or 
TV  broadcasting  antennas  cause  levels  of  these  fields  greater  than  the  established  reference  values  for  human 
exposure,  if  proper  care  were  not  shown  during  their  design  and  installation  phases.  Regarding  the 
electromagnetic  field  levels  in  the  vicinity  of  mobile  phone  base  stations,  the  measurements  conducted  by  EEAE 
show  that  the  maximum  values  of  electromagnetic  fields  are  typically  hundreds  to  thousand  times  lower  than 
ICNIRP’s  reference  levels. 
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ABSTRACT 

The  use  of  mobile  connection  that  relates  to  electromagnetic  satiation  is  rapidly  increasing  during  the 
recent  10  years  in  Latvia.  People  who  carry  mobile  phones  constantly  subject  themselves  to  the  action  of  an 
electromagnetic  field  (EMF).  And  in  the  process  of  talking  the  mobile  phone  EMF  exceeds  the  standards  admissible 
by  a  factor  of  10  times. 

The  number  of  children  who  always  use  mobile  phones  rapidly  augments  too.  According  to  our  data  (2005) 
every  tenth  pupil  of  the  first  form  has  a  mobile  phone.  Moreover,  at  the  age  of  the  secondary  school  nearly  every 
pupil  has  a  mobile  phone. 

The  main  tasks  of  the  studies  were  the  EMF  influence  on  the  development  of  the  children  motor  and 
psychological  function.  The  intensity  of  the  EMF  influence  determined  on  the  children  neuropsychic  development 
peculiarities  was  studied. 

A  complex  of  motor  and  psychological  parameters  was  found. 

The  studies  were  performed  every  year  on  1 12  children  in  2  schools  of  Riga  from  1996  and  will  be  finished 
in  2008.  Tests  were  carried  out  with  every  child  determining  their  motor  functions  (taping-test,  reaction  time  on 
sound  stimuli  were  given  binaurally  or  bilaterally  with  stereo  earphones  and  light  stimuli  presented  at  the  centre  of 
table  and  on  the  left  or  right  sides),  psychological  IQ — by  Raven’s  test,  capacity  for  attention  switching  was  tested 
according  to  a  modified  Shulte’s  procedure,  stability  and  capacity  to  focus  attention  were  studied  using  an 
“entangled  line”  test,  and  memory  was  tested  by  the  capacity  to  remember  numbers  functions. 

The  paper  presents  the  preliminary  results  of  experiments  on  a  possible  interdependence  between  EMF  and 
children  motor  and  psychological  functions  development. 

Key  words:  children,  development,  mobile  phone,  IQ,  attention,  reaction  time,  tapping-test. 


INTRODUCTION 

Children,  like  adults,  are  subjected  to  the  effect  of  harmful  environmental  factors,  including  also  those 
generated  by  electromagnetic  fields  (EMF)  of  modem  communication  systems.  At  the  same  time,  recent  reviews 
demonstrate  that  there  has  been  little  research  on  the  EMF  effects  on  children. 
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The  literature  data  available  contain  no  common  opinion  on  the  mechanism  of  EMF  effect  on  human 
health.  There  are  studies  on  the  heat  effect  of  high  frequency  EMF  on  human  health  (Maier  et  al.,  2000;  Kumar, 
2001;  Liesenkotter,  2002;  Lin  et  al.,  2002;  Walton,  2002;  Evans-Pughe,  2003;  Hocking,  2003),  human  body 
(Schonborn  et  al.,  1998;  Nesse  et  al.,  2001;  Lin,  2003;  Toropainen,  2003),  nervous  system  (Croft  et  al.,  2002; 
Hamblin  and  Wood,  2002;  Hietanen  et  al.,  2002;  Hossmann  and  Hermann,  2003;  Huber  et  al.,  2003;  Salford  et  al., 
2003),  and  psychological  function  (Lee  et  al.,  2001;  Edelstyn  and  Oldershaw,  2002;  Haarala  et  al.,  2003;); 
however,  the  data  available  are  on  contradictory.  The  number  of  children  who  persistently  use  mobile  phones  has 
rapidly  increased  as  well.  The  studies  were  performed  with  a  psychophysiological  diagnostic  system  “Polytest-8802 
(Produced  by  Engineering  Center  of  Latvian  Academy  of  Science,  Latvia).  The  “Polytest-8802”  is  a  specialized 
computer  that  uses  psychophysiological  reactions  to  determine  human  functional  state.  In  total,  1 1  tests  were  made 
for  each  child.  A  rest  break  was  included  and  the  test  duration  was  70  minutes.  Each  test  included  twenty 
measurements  that  were  used  to  obtain  the  arithmetical  mean,  standard  deviation,  and  standard  error  of  the  mean 
(Kolodynski  and  Kolodynska,  1996,  2006).  The  studies  were  performed  on  112  children  (57  boys  and  55  girls)  in  2 
schools  of  Riga  in  1996-2003  (Table  1). 

Tapping-test.  To  evaluate  the  functional  state  of  the  neuromuscular  system,  a  tapping-test  was  used.  The 
children  examined  had  to  press  two  keys  with  their  right  and  left  hands  at  maximum  rate  for  30  seconds.  The  rate  of 
key  pressing  per  second  was  registered  for  each  hand  separately. 

Reaction  time  Red  light  diodes  were  used  to  present  light  stimuli  at  the  centre  of  the  table  and  on  the  left 
and  right  sides.  The  visible  diameter  of  the  light  was  2.5  mm  and  the  stimulus  duration  was  40  ms.  Sound  stimuli 
were  given  with  stereo  earphones  (intensity,  60  dB;  stimulus  duration,  100  ms;  frequency,  1  kHz).  The  interval 
between  both  light  and  sound  stimuli  was  randomized  (2.5-4  s).  Children  had  to  rapidly  press  and  release  keys  after 
stimuli.  Presentations  of  stimuli  from  the  table  centre  or  binaurally  required  the  child  to  press  both  keys 
simultaneously.  When  the  stimulus  was  presented  from  the  side  of  the  table,  or  in  one  earphone,  the  subject  had  to 
press  the  key  on  the  side  corresponding  to  the  stimulus.  In  the  cross  variant  of  the  test,  the  subject  had  press  the  key 
at  the  side  opposite  that  of  the  stimulus.  The  response  time,  duration  of  press  contact,  and  the  number  of  errors  were 
registered. 

Attention.  The  capacity  for  attention  switching  was  tested  according  to  a  modified  Shulte’s  procedure.  The 
procedure  used  a  double-colored  table  of  64  squares.  Each  square  consisted  of  two  numbers:  large  black  and  small 
red  colors  (index),  as  well  as  a  response  button.  At  the  beginning  of  the  test  the  monitor  displayed  a  number  which 
the  child  was  required  to  find  among  the  black  numbers.  When  the  required  black  number  was  found,  the  child  was 
required  to  press  the  appropriate  key  and  memorized  the  associated  red  number.  This  new  number  was  then 
searched  for  among  the  black  numbers  and  the  process  was  repeated  20  times. 

The  stability  and  capacity  to  focus  attention  were  studied  with  the  “entangled  lines”  test.  The  test  table  was 
covered  with  entangled  lines.  Each  line  began  with  a  number  on  the  left  side  and  finishes  with  another  number  on 
the  right  side.  The  child  was  required  to  rapidly  follow  each  line  visually  and  press  the  key  at  its  finish.  The  time 
taken  to  follow  every  line  and  the  number  of  errors  were  registered. 

Memory.  Memory  was  tested  by  the  capacity  to  remember  numbers.  During  the  experiment,  a  series  of 
numbers  of  increasing  complexity  was  presented,  beginning  with  three  digits  and  ending  with  nine.  White  digits  of  6 
x  10  mm,  on  a  dark-grey  background  were  presented  on  the  computer  monitor.  During  one  test,  three  numbers  were 
displayed  on  a  monitor  at  1  second  intervals.  The  child  then  entered  the  three  numbers  on  the  keyboard.  This  was 
repeated  seven  times,  progressively  increasing  the  number  of  numbers  displayed  from  three  to  nine.  One  volume  of 
operative  memory  was  determined  according  to  the  formula  V  =  A  +  ( m/n )  where  A  is  the  largest  numbers  of  digits 
in  the  operation  which  was  successfully  reproduced  by  the  child  in  all  experiments,  n  is  the  number  of  experiments, 
m  is  the  number  of  correctly  reproduced  number  series. 


989 


DEVELOPMENT  OF  MOTOR  AND  PSYCHOLOGICAL  FUNCTION  ON  CHILDREN  AND 
ELECTROMAGNETIC  FIELD 


Test  of  Raven’s  (Q  I).  The  data  obtained  were  transferred  to  the  Wexler’s  scale,  where  the  mean  parameter 
value  was  equated  to  100  points  and  a  deviation  from  the  mean  value  for  one  standard  deviation  -  to  15  points. 

Statistics.  Statistically  significant  differences  were  evaluated  by  Student's  criteria  for  quantitative  variables 
and  Pearson’s  coefficient  was  used  for  analysis  of  correlations. 

Results.  In  each  age  group  were  tested  55  girls  and  57  boys  (Table  1).  The  duration  of  talks  using  mobile 
phone  increased  with  age  from  3  min/day  (7  years  old  children’s)  to  21  min/day  (14  years  old  children’s).  Mean 
power  of  mobile  phone  0.6  W  (GSM-900). 

Table  1 

MEAN  AGE±STANDARD  ERROR  (YEARS)  IN  FEMALE  AND  MALE  CHILDREN 


Forms 

Sex 

Mean  age  ±  SE,  years 

1  st  form 

Female 

7.3±0.04 

Male 

7.4±0.03 

2nd  form 

Female 

8.2±0.02 

Male 

8.5±0.03 

3rd  form 

Female 

9.4±0.03 

Male 

9.6±0.05 

4th  form 

Female 

10.3±0.03 

Male 

10.5±0.04 

5  th  form 

Female 

1 1.5±0.03 

Male 

11.6±0.02 

6th  form 

Female 

123±0.04 

Male 

12.4±0.03 

7  th  form 

Female 

13.5±0.05 

Male 

13.6±0.03 

8  th  form 

Female 

14.4±0.03 

Male 

14.5±0.03 

The  rates  of  all  motor  reaction  (tapping-test  end  reaction  time)  tests  in  boys  were  better  then  in  girls  Table 
2  and  Table  3). 

The  rates  of  all  attention  (attention  switching  and  attention  concentration)  tests  in  girls  were  better  then  in 

boys. 

No  differences  in  the  volume  of  operative  memory  and  the  time  required  to  fulfil  the  test  for  the  rate  of  the 
attention  switching  were  detected  (Table  4). 

A  weak  negative  correlation  dependence  was  observed  between  the  duration  of  daily  conversations  using 
MT  and  intellect  r  =  0.37  (P  <  0.01)  and  concentration  of  attention  r  =  0.29  (P  <  0.05). 

The  pupils  began  to  use  mobile  telephones  at  different  time.  Therefore,  the  analysis  of  the  data  obtained 
was  started  from  the  analysis  of  separated  cases.  In  example,  the  testing  results  of  one  girl  aged  7  to  14  (Fiig.l  and 
Fig. 2)  during  eight  years.  The  start  of  the  persistently  MT  use  -  in  the  5th  form.  Figures  1  and  2  demonstrate  a 
worsening  of  some  motor  and  psychological  parameters  during  the  first  year  of  using  MT,  later  these  parameters 
gradually  become  more  equable.  On  the  basis  of  this  observation  2  groups  of  pupils  were  chosen  for  the  analysis: 
those  who  use  MT  during  the  first  year  and  those  who  use  MT  during  more  than  one  year. 

It  turned  out  that  the  highest  worsening  of  the  parameters  is  observed  during  the  first  year  of  MT  use,  and 
the  parameters  improve  more  quickly  in  the  children  who  started  to  use  MT  later  (Fig. 3  and  Fig.4.). 
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Table  2 

MEAN±STANDARD  ERROR  OF  THE  RESPONS  REACTION  TIMES  USING  LEFT  HAND  TO 
LATERILIZED  LIGHT  (RTL)  AND  MONAAURAL  SOUND  (RTS)  STIMULI  AND  RETENTION  TIME  OF 
KEYS  IN  THE  PRESSED  STATE  FOR  LGHT  (RTLP)  AND  SOUND  (RTSP)  STIMULI  IN  FEMALE  AND 
MALE  CHILDREN 


Forms 

Sex 

Light  stimuli 

Sound  stimuli 

RTL,  ms 

RTLP,  ms 

RTS,  ms 

RTSP,  ms 

1  st  form 

Female 

500±12 

286±1'1 

595±32 

279±13 

Male 

476±1 1 

295±10 

483±27 

305±21 

2nd  form 

Female 

457±7 

269±10 

523±21 

287±14 

Male 

438±10 

256±8 

5 1 8±20 

266±11 

3rd  form 

Female 

435±9 

241±6 

558±15 

245±7 

Male 

401  ±8 

227±7 

475±25 

234±8 

4th  form 

Female 

388±5 

230±5 

467±1 1 

264±6 

Male 

370±5 

225±4 

432±10 

245±5 

5th  form 

Female 

373±5 

223±5 

457±1 1 

259±6 

Male 

348±4 

231±5 

389±9 

241±7 

6th  form 

Female 

360±5 

224±5 

451±10 

263±7 

Male 

323±4 

200±5 

371±8 

228±6 

7th  form 

Female 

338±4 

21 1±4 

377±8 

250±7 

Male 

313±5 

185±4 

343±6 

207±5 

8th  form 

Female 

330±3 

215±4 

363±6 

235±4 

Male 

304±3 

178±4 

324±5 

194±4 

Table  3 


MEANiSTANDARD  ERROR  OF  THE  TAPPING  TEST  FREQUENCES  FOR  LEFT  (TTL)  AND  RIGHT  (TTR) 
HANDS  AND  RETENTION  TIME  OF  KEYS  IN  THE  PRESSED  STATE  FOR  LEFT  (TTLP)  AND  RIGHT 
(TTRP)  HANDS  IN  FEMALE  AND  MALE  CHILDREN 


Forms 

Sex 

Left  hand 

Right  hand 

TTL,  Hz 

TTLP,  ms 

TTR,  Hz 

TTRP,  ms 

1  st  form 

Female 

4.02±0.09 

125±6 

4.21±0.10 

105±6 

Male 

3.91±0.15 

132±7 

4.15±0.14 

108±6 

2nd  form 

Female 

4.14±0.10 

118±6 

4.23±0.10 

108±5 

Male 

4.28±0.10 

108±6 

4.63±0.09 

87±5 

3rd  form 

Female 

4.39±0.08 

108±4 

4.68±0.07 

88±3 

Male 

4.71±0.07 

93±3 

8.88±0.07 

78±2 

4th  form 

Female 

4.85±0.07 

98±3 

5.01±0.06 

85±3 

Male 

4.90±0.06 

91±3 

5.17±0.06 

76±1 

5th  form 

Female 

4.92±0.05 

90±2 

5.19±0.06 

75±2 

Male 

5.09±0.05 

87±2 

5.37±0.06 

74±2 

6th  form 

Female 

5.15±0.05 

88±2 

5.38±0.06 

75±2 

Male 

5.29±0.05 

84±2 

5.59±0.06 

71±2 

7th  form 

Female 

5.36±0.05 

85±2 

5.60±0.05 

71±2 

Male 

5.45±0.05 

81±2 

5.72±0.05 

68±2 

8th  form 

Female 

5.38±0.05 

88±2 

5.61±0.04 

78±2 

Male 

5.71±0.06 

80±1 

5.92±0.06 

67±1 
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Table  4 

MEAN±STANDARD  ERROR  OF  THE  ATTENTION  SWICHING  (Al),  CAPACITY  TO  FOCUS  ATTENTION 
(A2)  TESTS  AND  THE  CAPACITY  OF  OPERATVE  MEMORY  (MEM)  IN  FEMALE  AND  MALE  CHILDREN 


Forms 

Sex 

Al,  s 

A2,  s 

MEM 

1  st  form 

Female 

19.1±3.0 

17.6±3.0 

5.5±0.7 

Male 

24.8±3.0 

16.5±1.0 

5.4±0.3 

2nd  form 

Female 

21.0±1.1 

13.9±0.5 

5.9±0.2 

Male 

21.5±1.0 

14.0±0.7 

5.4±0.2 

3rd  form 

Female 

16.7±0.6 

1 1.7±0.4 

6.2±0.2 

Male 

17.4±0.7 

12.3±0.4 

6.0±0.2 

4th  form 

Female 

12.3±0.3 

10.0±0.3 

7.6±0.2 

Male 

14.0±0.4 

10.3±0.3 

6.8±0.2 

5th  form 

Female 

11.2±0.4 

9.4±0.2 

7.8±0.2 

Male 

11.9±0.3 

9.1±0.2 

7.9±0.2 

6th  form 

Female 

10.1±0.3 

8.8±0.2 

8.6±0.2 

Male 

11.3±0.3 

8.9±0.2 

7.9±0/2 

7th  form 

Female 

8.8±0.2 

8.4±0.2 

9.1±0.2 

Male 

10.4±0.2 

8.4±0.1 

8.8±0.2 

8th  form 

Female 

8.6±0.1 

8.3±0.1 

9.5±0.1 

Male 

9.4±0.1 

8.1±0.1 

9.4±0.1 
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Fig. 2.  Mean  ±  SE  time  to  perform  the  test  for  attention  concentration.  The  development  of  attention  in  girl  was 
testing. 


Fig.  3.  Mean±SE  of  IQ.  The  differences  are  significant  (  P  <  0.05)  between  the  mobile  phone  users  and 
control  groups  in  children  of  5th-6th  forms  and  (P  <  0.01)  in  children  of  7th-8th  form  for  MT  >12  month  group 
with  control.. 

Unexpectedly,  IQ  differences  were  found  between  the  mobile  phone  users  and  control  groups  in  children 
of  5th-6th  forms  and  in  children  of  7th-8th  form  for  “MT  >12  month”  group  with  control.. 
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Fig.4.  Mean  ±  SE  time  (s)  to  perform  the  test  for  attention  concentration.  The  differences  are  significant  (P<  0.05) 
between  the  mobile  phone  users  of  5th-6th  forms  and  ( P  <  0.01)  in  children  of  7th-8th  form  for  MT  >12  month 
group. 


Younger  children  using  mobile  phone  are  more  sensitive  to  the  EMF  radiation  than  oldest  and  have  worse 
results  to  IQ  and  attention  tests  (Fig. 3.  and  Fig.4). 

SUMMARY 

The  highest  shifts  in  motor  and  psychological  parameters  are  detected  during  the  first  year  of  MT  use,  and 
later  they  gradually  improve. 

The  improvement  of  parameters  proceeds  more  rapidly  in  the  children  who  started  to  constantly  use  MT  at 
an  elder  age. 

The  improvement  of  parameters  proceeds  more  rapidly  in  the  children  who  started  to  constantly  use  MT  at 
an  elder  age. 

The  analysis  of  the  data  obtained  will  be  continued  basing  on  the  working  hypothesis  on  that  the  oldest 
children  organism,  being  adapted  to  the  EMF  chronic  influence  better,  responses  by  the  increase  in  the  IQ  and 
attention  after  12  month  of  mobile  phone  using.. 

Children  are  more  sensitive  to  the  EMF  radiation  than  adults,  and  on  the  basis  of  the  data  available,  the 
Independent  Expert  Group  on  Mobile  Phones  (IEGMP)  in  the  United  Kingdom  came  to  the  conclusion  that  children 
may  be  more  vulnerable  because  they  have  a  developing  nervous  system,  children’s  brain  tissue  is  more  conductive 
than  that  of  adults  since  is  has  a  higher  water  content  and  ion  concentrations,  children  have  a  greater  absorption  of 
RF  energy  at  mobile  telephone  frequencies  in  the  tissues  of  the  head,  and  that  children  would  have  a  longer  lifetime 
of  exposure.  The  IEGMP  also  recommended  that,  as  a  precautionary  approach,  mobile  phone  use  by  children  should 
be  for  non-essential  calls  only,  and  that  the  mobile  phone  industry  should  refrain  from  promoting  mobile  phones  to 
children. 


The  authors  of  the  paper  support  the  point  of  view  of  the  IEGMP. 

The  research  should  be  continued  in  this  direction,  including  the  individual  dosimetry  and  analysis  of  each 
separate  case. 
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Our  previous  research  demonstrated  that  radiofrequency  electrsignals  have  genotoxic  properties  in  vitro1;  there 
are  no  corresponding  data  concerning  the  recently  introduced  European  mobile  communication  standard  UMTS 
(Universal  Mobile  Telecommunication  Standard)  as  yet.  A  putative  genotoxic  potential  of  UMTS  signals  was 
investigated  in  cultured  human  cells  using  the  alkaline  comet  assay  and  the  cytokinesis-blocked  micronucleus 
assay. 

Materials  and  Methods 

Cultured  human  fibroblasts  (diploid  fibroblasts  obtained  from  a  male  6  year  old  healthy  donor)  were 
continuously  exposed  to  UMTS  test  signals  (carrier  frequency  1950  MHz)  in  a  temperature-controlled  exposure 

9 

setup  specially  designed  for  blind  in  vitro  exposures  of  cell  monolayers  and  provided  by  the  ITTS  foundation 
(Zurich,  Switzerland).  Various  exposure  conditions  (specific  absorption  rate  SAR:  1  and  2  W/kg;  exposure  time: 
4,  16  and  24  hours)  were  tested.  Each  exposure  condition  was  tested  in  duplicate.  Positive  (comet  assay:  5  min 

2 

UV  light/254  nm,  which  equals  0,6  kJ/m  ;  micronucleus  assay:  3  |ig  Bleomycin/ml  -  time  corresponding  to  the 
exposure  time)  and  negative  controls  were  included  in  each  set  of  experiments  to  check  for  effective  operation  of 
the  method. DN  A  damage  was  assessed  in  terms  of  DNA  strand  breaks  (alkaline  comet  assay,  evaluated  by  visual 

classification'1)  and  micronuclei  (cytokinesis-blocked  micronucleus  assay^). 

Summary 

Exposure  to  UMTS  signals  resulted  in  a  twofold  increase  in  DNA  strand  breaks  after  16  and  24  hours  for  both 
SAR  investigated.  In  addition,  a  corresponding  doubling  in  micronuclei  frequency  was  detected. 

Preliminary  experiments  using  peripheral  blood  lymphocytes  showed  no  increase  in  DNA  strand  breaks  after 
UMTS  exposure  (not  shown). 

In  conclusion,  UMTS  signals  may  have  genotoxic  effects  in  certain  cell  systems  in  vitro  below  and  at  the  current 
European  safety  limit  (2  W/kg). 
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ABSTRACT 


Reports  of  biological  effects  of  low-energy  electromagnetic  field  (EMF)  have  increased  in  recent  years. 
Particularly  debated  is  the  question  of  the  epidemiological  evidence  of  adverse  effects  of  an  extremely  low 
frequency  magnetic  field  (ELF-MF)  generated  by  50-60  Flz  high  voltage  power  transmission  lines,  video 
display  terminals,  electric  blankets  and  other  home  appliances,  which  raise  the  possibility  of  deleterious  health 
effects  from  exposure  to  radio  frequency  or  low  frequency  fields.  A  valid  objection  is  that  field  intensity  is 
many  orders  of  magnitude  below  the  noise  threshold  so  that  selective,  cooperative,  or  amplifying  mechanisms 
must  be  postulated.  The  therapeutic  potential  of  magnetic  field  can  be  seen  in  the  proven  efficacy  of  low- 
energy,  pulsed  magnetic  fields  in  non-union  bone  fracture  healing  (Bassett,  1993),  confirming  that  under  certain 
conditions  non-ionizing  electromagnetic  energy  can  influence  physiological  processes  in  organisms.  Low 
frequency  magnetic  fields  at  50  or  60  Flz  are  also  reported  to  stimulate  nerve  regeneration  (  Rusovan  and 
Kanje,  1992)  alteration  gene  transcription  (Phillips  et  al.,  1992),  and  they  may  also  play  a  synergic  role  in 
cellular  processes  that  are  already  activated,  such  as  cell  proliferation  and  cell  differentiation  (Walleczeck, 
1992;  Manni  et  al.,  2002.,  Lisi  et  al  2005). 

The  possible  mechanisms  of  the  induced  effects  are  not  known,  although  a  number  of  theoretical  models  have 
been  proposed  (Glaser,  1992.,  Liburdy,  1992.,  Barnes, 1996). 

In  this  work  we  have  studied  the  effect  of  EMF  radiations  on  human  mesenchymal  Stem  Cells  (hMSC) 
differentiation 

In  litterature  is  well  described  that  this  cells  are  able  to  differentiate  to  osteoblast  following  treatment  with 
chemical  agents  such  as  dexamethasone.  Regulation  of  osteoblast  differentiation  its  an  important  fenomena  that 
must  occur  to  mantain  the  continuos  supply  of  mature  osteoblast  needed  for  bone  growth,  remodelling,  and  in 
particular  for  bone  repair. 

INTRODUCTION 


Culture  and  differentiation  of  mesenchymal  stem  cells.  Fleight-  ten  ml  of  bone  marrow,  obtained  from  iliac 
crest,  was  mixed  with  one  volume  of  phosphate-buffered  saline  and  nucleated  cell  fraction  was  enriched  for 
mesenchymal  stem  cells  by  density-gradient  centrifugation  over  Lympholyte-Fl  cushion.  The  cells  at  the 
medium-  Lympholyte-Fl  interface  were  collected,  washed  three  times  with  culture  medium  and  seeded  into 
culture  flask.  Confluent  monolayers  of  adherent  cells  were  obtained  about  one  week  after  the  start  of  cell 
division.  Subcultivation  was  performed  by  replating  at  6xl03  cells  per  cm2  flasks.  To  promote  osteogenic 
differentiation 

cells  were  stimulated  during  subpassages  by  cultivation  in  standard  medium  supplemented  with  lOOnM 
dexamethasone  or  by  exposure  to  extremely  low  frequency  electromagnetic  field  (50Flz  lmT)under  controlled 
condition. 


998 


Ledda  et  all 


Cells  were  continuously  exposed  to  a  sinusoidal  50  Hz  magnetic  field  at  a  flux  density  of  1  mT  (10  G)  (rms)  in  a 
temperature  regulated  solenoid.  Temperature  regulation  (37  ±  0.2  °C)  and  5%  C02  was  provided.  Temperature 
was  continuously  recorded  by  a  Hanna  HI  9274  OC  printing  thermometer,  within  the  centre  of  the  solenoid 
and  was  in  the  37°C  ±  0.2  range.  In  a  control  experiment  the  sample  was  placed  in  an  identical  cell  incubator 
containing  the  solenoid  with  no  field,  in  the  same  conditions  as  the  exposed  one.  All  experiments  were  under 
blind  conditions.  The  solenoid  manufacture  has  been  published  elsewhere  (Santoro  et  al,  1997;  Lisi  et  al,  2000; 
Manni  et  al,  2004,  Lisi  et  al,  2005). 

The  main  body  of  the  solenoid  is  a  cylinder  in  concrete-asbestos  2  cm  thick  and  has  a  diameter  of  20  cm  and  a 
height  of  40  cm.  It  is  made  of  1200  turns  of  2  mm  diameter  copper  wire  wound  in  three  layers  in  continuous 
forward-backward  fashion.  It  is  driven  from  the  50  Hz  power  mains  through  a  variable  autotransformer  and 
generates  a  flux  density  of  1  mT  (rms)  for  an  applied  voltage  of  6  Volts  (rms). The  solenoid  is  then  placed  into  a 
cell  incubator  with  its  centre  ventilated  by  the  fan  for  appropriate  air  circulation.  The  modest  heat  due  to  Joule 
effect  is  efficiently  dispersed  by  the  continuous  forced  ventilation  in  the  total  mass  of  the  C02  incubator.  Field 
density  measured  with  a  calibrated  Hall  probe,  is  within  -  5%  of  centre  value  inside  the  cylindrical  exposure 
volume  of  1 1  cm  by  1 7  cm  along  the  solenoid  axis.  The  measured  geomagnetic  ambient  field  is  32  pT  (vertical 
component)  and  16p  T  (horizontal  component).  Stray  ambient  ac  fields  are  below  0.1  pT.  An  often  overlooked 
fact  related  to  solenoids  is  the  presence  of  an  almost  homogeneous  electric  field  oriented  parallel  to  the 
magnetic  field  (Chute  et  al.,  1981)  unless  adequate  electric  shielding  is  used  (Stauffer  et  al.,  1994).  An 
approximate  estimate  of  this  field  may  be  obtained  from  the  voltage  across  the  extremes  of  the  inner  of  the  six 
layers  and  its  length.  The  corresponding  field  induced  by  capacity  coupling  in  the  culture  medium  will  be  in  the 
order  of  0.01  pV/cm  (Foster  et  al.,  1995). 

SUMMARY 


Exposure  to  low  frequency  electromagnetic  field  for  5  days  resulted  in  a  change  in  plasma  membrane 
morphology  and  this  modification  were  also  accompanied  by  a  rearrangement  in  actin  filaments  as  showed  by 
confocal  miscroscopy  analysis  after  cells  labeling  with  FITC-phalloidin. 

In  particular,  mesenchimal  cells  exposed  to  the  field  showed  the  same  actin  organization  found  in  cells  after 
treatement  with  dexamethasone.  The  differentiating  effect  of  dexamethasone  were  potentiate  by  exposure  to  the 
field. 

After  5  days  of  exposure,  the  mRNA  expression  for  osteoblast  markers  differentiation  such  as  Alkaline 
Phosfatase  (AP),  Osteocalcin  (OCL)  and  Osteopontin  (OPN)  increase  (Fig.  1 )  this  result  were  further  confirmed 
by  indirect  immunofluorescence  assay  for  osteopontin  Osteopontin  showed  an  increase  in  exposed  and 
dexamethasone-esposed  cells  with  respect  to  control  (Fig.  2). 

In  conclusion  our  finding  demonstrated  that  exposure  to  ELF  can  act  as  a  differentiating  agent  on  mesenchymal 
human  cells  outlining  the  relevance  of  low  frequency  electro-magnetic  field  as  a  terapeutical  agent  suggesting  a 
possible  use  of  ELF  as  support  in  medicine  for  different  pathologies  therapy. 
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Fig.  1  -  RT-PCR  analysis.  Total  mRNA  was  extracted  from  Control  (CTR),  Dexamethasone  (DX), 
Exposed  (EXP)  and  Exposed+Dexamethasone-treated  stem  cells  (EXP-DX).  RT-PCR  analysis  was  used 
for  osteoblast  differentiation  markers  detection  with  specific  primers:  Alkaline  Phosfatase  (AP), 
Osteocalcin  (OCL)  and  Osteopontin  (OPN).  Dexamethasone  treatment  is  the  positive  control.  The  amount 
of  template  and  the  number  of  amplification  cycles  were  preliminarily  optimized  for  each  PCR  reaction  to 
avoid  conditions  of  saturation. 
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Fig.  2  ELF-MF  (50Flz)  modulation  Osteopontin 

differentiation  marker  expression  see  by  indirect  immunofluorescence  microscopy. 

Images  show  modulation  of  Osteopontin  expression  in  control  (CTR),  Dexamethasone  (DX),  Exposed  (EX) 
and  Exposed+  Dexamethasone-trated  (EXP+DX)  stem  cells.  Figures  were  executed  with  lOOx  objective. 
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AIMS  AND  OBJECTIVES:  In  1999,  the  Minister  of  Public  Health  asked  the  Radiation  Protection 
Division  of  the  Health  Protection  Agency  (formerly  the  National  Radiological  Protection  Board 
(NRPB))  to  set  up  an  independent  expert  group  to  examine  the  possible  effects  on  health  from  the  use 
of  mobile  phone  telecommunication  technologies.  The  group,  under  the  chairmanship  of  Sir  William 
Stewart,  published  its  report  in  May  2000  [1],  One  of  the  main  conclusions  was  that  there  was  no 
evidence  to  suggest  that  exposures  to  radiofrequency  (RF)  radiation  below  the  guidelines  of  the  NRPB 
and  the  International  Commission  on  Non-Ionising  Radiation  Protection  (ICNIRP)  cause  adverse 
health  effects.  Nevertheless,  a  key  recommendation  was  that  a  register  of  occupationally  exposed 
workers  be  established  to  facilitate  studies  into  cancer  incidence,  mortality  or  other  potentially  harmful 
effects. 

The  Health  and  Safety  Executive  (HSE)  responded  to  this  recommendation  by  holding  a  consultation 
meeting  on  9  January  2001  in  Birmingham  to  which  independent  experts  and  those  with  an  interest  in 
telecommunications  were  invited.  At  this  meeting,  a  decision  was  made  to  establish  a  Working  Group 
to  discuss  how  the  recommendation  should  be  implemented.  In  an  attempt  to  ensure  involvement 
across  the  whole  industrial  sector,  representatives  from  the  broadcast  companies,  mobile  phone 
operators  (FEI),  contractors,  the  Ministry  of  Defence,  National  Grid,  Trade  Unions,  and  HSE  were 
included. 

The  Working  Group  agreed  to  set  up  a  register  of  exposed  workers  with  a  potential  for  exposure  to 
radio-frequency  radiation,  and  that  the  register  would  be  confined  to  people  whose  work  brings  them  in 
close  proximity  to  transmitting  antennas  on  telecommunication,  broadcasting  masts  or  other  similar 
structures.  Information  about  the  workers  would  be  retained  and  maintained  in  a  centralised  database  or 
register.  The  Institute  of  Occupational  and  Environmental  Medicine  (IOEM)  was  contracted  to 
administer  the  database.  Now  in  its  second  phase,  the  register  is  guided  by  a  Steering  Group  consisting 
of  representatives  from  the  HSE,  the  Institute  of  Occupational  and  Environmental  Medicine  and 
industry. 

The  study  described  here  seeks  to  obtain  important  new  information  on  the  topic  of  long-term  health 
effects  of  occupational  RF  exposure  by  examining  data  from  the  on-going  National  Register  of  RF 
workers. 

MATERIALS  AND  METHODS:  Analyses  will  be  based  on  data  from  the  on-going  National 
Register  of  RF  workers.  The  Register  was  first  supported  by  the  Health  and  Safety  Executive  (HSE) 
for  the  two-year  period  2003-2004.  It  was  always  the  intention  of  the  HSE  to  support  the  start-up  costs 
but  then  seek  industry  support  for  later  years  of  data  collection  and  analysis.  Industry  support  is 
currently  in  place  for  the  three-year  period  2005-2007. 

STUDY  POPULATION 

The  cohort  available  for  analysis  currently  comprises  604  male  employees.  All  employees  have  some 
period  of  employment  working  in  close  proximity  to  transmitting  antennas  on  telecommunication, 
broadcasting  masts  or  other  similar  structures  in  the  period  1961-2004.  Work  continues  on  increasing 
the  size  of  the  Register  and  in  the  next  twelve  months  it  is  estimated  that  the  Register  will  comprise 
some  2000  employees. 

In  order  to  account  for  the  variation  in  exposure  between  different  occupationally  exposed  jobs  the 
participants  are  asked  to  supply  their  job  title.  This  is  then  placed  in  one  of  five  job  categories  (Antenna 
Support,  General  Maintenance  Worker,  Occasional  Climber,  Rigger  and  Satellite  Support).  The  level 
of  exposure  typically  experienced  by  each  job  category  is  informed  by  the  five-year  study  carried  out 
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by  the  Institute  of  Occupational  and  Environmental  Medicine  in  conjunction  with  the  Radiation 
Protection  Division  of  the  Health  Protection  Agency.  This  work,  titled  ‘A  Feasibility  Study  for  an 
Epidemiological  Investigation  into  the  Health  Effects  of  Radiofrequency  Fields  and  Radiation’  [2] 
produced  a  job  exposure  matrix  for  job  titles  relevant  to  the  Register. 

The  National  Register  of  RF  Workers  follow-up  study  will  seek  the  approval  of  the  Office  for  National 
Statistics  (ONS)  to  receive  follow-up  particulars  (copies  of  death  certificates  and  cancer  registration 
(incidence)  details  from  the  National  Health  Service  Central  Register  (NHSCR)  of  the  ONS). 
Underlying  cause  and  multiple-cause  coding  will  be  supplied  by  the  ONS  for  all  deaths  according  to 
the  tenth  revision  of  the  International  Classification  of  Diseases  (ICD-10). 

STANDARDISED  MORTALITY  RATIOS  AND  STANDARDISED  REGISTRATION  RATIOS 
The  mortality  experience  of  the  cohort  will  be  compared  with  that  which  might  have  been  expected  to 
occur  if  rates  of  mortality  for  the  general  population  of  England  and  Wales  had  been  operating  on  the 
study  cohort,  having  due  regard  to  the  composition  of  the  study  cohort  by  sex,  age  (five-year  age 
groups),  and  calendar  year  (five-year  calendar  periods).  Expectations  based  on  person-years-at-risk 
(pyr)  will  be  calculated  using  the  PERSONYEARS  computer  program. [3]  Individuals  enter  the  pyr  on 
the  date  of  consenting  to  join  the  National  Register.  Individuals  leave  the  pyr  on  the  date  of  death, 
date  of  emigration,  date  last  known  alive  or  the  closing  date  of  the  study,  whichever  is  the  earlier. 
Individuals  will  be  "censored"  on  reaching  their  85th  birthday  -  that  is,  they  will  make  no  further 
contributions  to  expected  or  observed  numbers  past  this  age.  Standardised  mortality  ratios  (SMRs)  will 
be  calculated  as  the  ratio  of  observed  to  expected  numbers  of  deaths  expressed  as  a  percentage.  In 
calculating  P-values  and  confidence  intervals,  it  will  be  assumed  that  deaths  occur  as  a  Poisson  process 
[4].  Any  significance  tests  will  be  two-tailed.  Similar  analyses  will  be  performed  on  the  cancer 
registration  data  to  calculate  standardized  registration  ratios  (SRRs).  Overall  SMRs  and  SRRs  will  be 
calculated  for  individual  sites  of  cancer  (3-digit  IICD  codes)  as  well  as  SMRs  for  broader  non-cancer 
causes  (ICD  chapters).  Causes  of  special  interest  will  be  selected  on  the  basis  of  significantly  elevated 
SMRs  or  SRRs  obtained  either  from  this  study  or  from  similar  studies  of  RF  workers  in  other  parts  of 
the  world.  For  causes  of  special  interest,  SMRs  and  SRRs  will  also  be  calculated  by  industry  sector 
(telecommunications  or  broadcast),  job  type  (1-5  names)  and  period  from  first  RF  work  (ten-year 
intervals).  In  addition  SMRs  and  SRRs  for  causes  of  special  interest  will  also  be  calculated  separately 
for  workers  reporting  any  high  exposure  incidents. 

COLLABORATION:  The  National  Register  of  RF  Workers  seeks  to  collaborate  with  international 
bodies  undertaking  similar  research  with  the  aim  of  contributing  data  and  expertise  and  increasing 
understanding  of  the  issue  for  the  benefit  of  those  occupationally  exposed  to  RF  radiation. 
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Abstract 

The  aim  of  this  study  is  to  evaluate  the  efficiency  of  two  exposure  set  up  realized  for  in  vitro 
experiments  purposes.  Maximum  dimensions  of  these  systems  are  198x99x27  mm,  with  an  exposure  zone  of 
80x99x27  mm  in  order  to  allow  the  simultaneous  insertion  of  four  Petri  dishes  35  mm  of  diameter,  or  other 
shape  flasks.  The  set  up  efficiency  was  been  evaluated  at  the  frequency  of  900  MHz  and  1 820  MHz  by  means  of 
SAR  calculations  (local  and  average)  on  cell  cultures.  To  this  scope  a  commercial  software  package  (CST 
Microwave  Studio)  based  on  Finite  Integration  Technique  (FIT)  was  used.  Cad  drawing  tools  allowed  the 
parameterization  of  the  structure  made  up  of  culture  medium  thickness  contained  in  plexiglas  dishes  or  flasks 
inserted  between  two  metallic  plates  fed  by  1  W  power. 

All  materials  employed  were  electromagnetically  characterized  by  appropriate  values  of  dielectric 
permittivity  and  conductivity.  SAR  calculation  accuracy  was  improved  by  defining  a  refining  mesh  in  the  cell 
culture  volume.  SAR  distributions  on  the  exposed  samples  were  investigated,  and  several  SAR  calculations 
were  made  employing  flasks  of  various  forms  and  with  different  quantity  of  culture  medium. 

The  study  was  developed  in  the  frame  of  activities  referring  to  the  European  Project  EMF-NET,  Main 
Task  2,  Work  Package  12  (focused  on  numerical  calculations  for  occupational  exposure). 


I.  Introduction 

The  study  of  the  effects  of  radio  frequency  radiation  on  biological  systems  is  a  topic  of  great  concern  due  to  the 
rapid  spreading  of  mobile  communication  systems  in  the  recent  years  and  the  identification  of  the  mobile  phone 
as  a  potential  source  of  risk  for  people.  Then  a  wide  number  of  research  has  been  and  is  presently  carried  out 
with  particular  reference  to  the  frequencies  employed  by  the  Global  System  for  Mobile  Communications  (GSM) 
standard,  that  is  frequencies  near  900  MHz  and  1800  MHz. 

This  paper  presents  a  numerical  efficiency  evaluation  of  two  exposure  set  up  designed  in  such  scenario  for  in 
vitro  experiments  purposes. 

The  efficiency  of  the  systems  was  investigated  through  numerical  SAR  evaluation  inside  cell  cultures, 
performing  in  vitro  tests  based  on  the  employ  of  flasks  and  dishes  of  different  size  and  culture  medium  content. 
The  effects  of  the  number  of  samples  exposed  at  the  same  time  on  SAR  were  also  investigated. 

Basing  on  the  equipment  present  in  our  laboratory,  an  experimental  characterization  of  the  efficiency  of  the  two 
set  up  were  also  performed  by  means  of  the  ratio  between  direct  and  reflected  power.  The  results  of 
measurements  indicated  that  the  frequencies  giving  the  best  performance  of  the  two  systems  (minimum  reflected 
power)  are  centred  respectively  at  900  MHz  and  1820  MHz. 

These  frequencies  were  then  selected  for  the  simulations. 

Both  experimental  and  numerical  characterization  was  carried  out  at  the  ISPESL  Research  Centre  in  Monte 
Porzio  Catone  (Rome). 
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II. 


Exposure  set  up 


The  exposure  set  up  under  test  consisted  of  two  parallel  metallic  plates  T-modelled  as  shown  in  Figure  1. 


Figure  1  -  Exposure  set  up  operating  near  1800  MHz 


Both  set  up  were  designed  to  generate  an  RF  electric  field,  one  at  900  MHz  and  the  other  one  at  1800  MHz,  as 
much  as  possible  uniform  between  the  two  metallic  plates  and  orthogonal  to  them. 

To  this  aim  the  systems  consisted  of  two  contiguous  zones.  The  first  one  (the  basis  of  the  T),  the  so  called 
adaptive  section,  was  designed  in  order  to  maximize  the  power  transfer  from  the  feed  to  the  exposure  zone  by 
means  of  a  gradual  change  of  the  wave  impedance.  A  coaxial  connection  allowed  to  feed  the  systems. 

The  second  zone  (the  head  of  the  T),  the  so  called  exposure  zone,  was  the  volume  available  for  the  exposure  of 
the  biological  samples.  In  this  regard  the  final  part  of  this  zone  was  open  (see  Figure  1),  while  the  side  walls 
were  closed  by  two  layers  of  absorbing  material  covered  by  thin  plastic  sheets. 

The  dimensions  of  the  exposure  zone  were  the  same  for  both  set  up,  that  is  about  80x99x27  mm,  inside  of 
which  80x80x27  mm  were  available  for  exposure  (between  the  two  panels  of  absorbing  material).  On  the 
opposite,  due  to  the  different  working  frequencies,  the  dimensions  of  the  adaptive  sections  were  different  for 
the  two  systems  and  are  the  following: 

•  1 18x69x27  mm  for  900  MHz  set  up 

•  80x99x27  mm  for  1800  MHz  set  up 


III.  Numerical  method  and  SAR  evaluation 

Computational  simulations  have  been  carried  out  by  employing  the  electromagnetic  commercial  simulator 
Microwave  Studio  (MWS)  by  CST-Germany  [1],  based  on  the  Finite  Integration  Technique  (FIT)  [2].  This 
numerical  method,  developed  by  Weiland  in  1977,  provides  a  discrete  reformulation  of  Maxwell’s  equations  in 
their  integral  form  suitable  for  computers  and  it  allows  simulating  real-world  electromagnetic  field  problems 
with  complex  geometry.  In  order  to  numerically  solve  Maxwell’s  equations^  a  finite  calculation  domain  is 
defined.  By  creating  a  suitable  mesh  system,  this  domain  is  split  up  into  small  cubes,  so-called  grid  cells. 

In  combination  with  the  FIT,  MWS  employs  the  Perfect  Boundary  Approximation  (PBA)  for  the  spatial 
discretization  of  the  simulated  structure  that  allows  an  accurate  modelling  of  bend-shaped  structures  also  [3]. 

In  order  to  simulate  in  vitro  tests,  the  exposure  set  up  were  simplified.  In  fact  in  the  numerical  model  only  the 
exposure  zone  of  the  two  set  up  was  modelled,  presuming  that  the  detailed  description  of  the  adaptive  section 
was  not  relevant  for  SAR  evaluation  purposes.  Each  exposure  set  up  was  then  represented  as  two  parallel 
metallic  plates  of  (80  x  99)  mm  size,  at  27  mm  of  distance. 
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Figures  2  show  the  various  simulations  performed  inserting  different  Petri  dishes  or  flasks  between  the  plates.  In 
particular  Figure  2  a)  refers  to  exposure  to  900  MHz  electromagnetic  field  of  one  plexiglas  dish  of  54  mm 
diameter,  height  of  1 1  mm  and  of  1  mm  of  thickness.  Culture  medium  was  then  parameterized  as  dish  of  52  mm 
of  diameter,  height  of  2.4  mm  for  a  total  liquid  volume  of  5  ml. 

Figure  2  b)  refers  to  simultaneous  exposure  to  900  MHz  electromagnetic  field  of  four  plexiglas  dishes  of  35  mm 
of  diameter,  height  of  8  mm  and  1  mm  of  thickness.  Each  culture  medium  was  then  parameterized  as  dish  of  33 
mm  of  diameter  and  3.5  mm  of  height  for  a  total  liquid  volume  of  3  ml. 

Figure  2  c)  refers  to  simultaneous  exposure  to  1820  MHz  electromagnetic  field  of  two  plexiglas  flasks.  Each 
flask  was  represented  by  means  of  a  plexiglas  parallelepiped  of  (35  x  35  x  20)  mm  size  and  of  1  mm  thickness 
for  each  wall.  Consequently  each  culture  medium  was  parameterized  as  a  parallelepiped  of  (33  x  33  x  3.7)  mm 
size,  for  a  total  liquid  volume  of  5  ml. 


Fig  2  a 


Fig  2  b 


Fig  2  c 


All  simulations  have  been  carried  out  feeding  exposure  systems  through  an  electromagnetic  pulse  of  1  W. 

All  materials  were  characterized,  on  the  basis  of  data  literature,  with  their  particular  values  of  dielectric 
permittivity  (sr),  conductivity  (a)  and  density  (p)  at  the  frequency  of  900  MHz  and  1820  MHz  as  shown  in  Table 
1. 


Table  1  -  Properties  of  materials  used  in  the  simulations 


frequency  900  MHz 

Materials 

£r 

P 

[kg/m3] 

a 

[S/m] 

Plexiglas 

2.6 

80.5 

1200 

1000 

neglectable 

1.55 

Cell  Culture 
(culture  medium) 

frequency  1820  MHz 

Plexiglas 

2.6 

1200 

neglectable 

Cell  Culture 
(culture  medium) 

76.8 

1000 

2.21 

To  perform  dosimetric  evaluation  with  better  accuracy,  a  refined  mesh  in  the  culture  medium  volume  was 
adopted.  This  involved  a  not  uniform  spatial  discretization  of  the  calculation  domain  ensuring  a  good 
compromise  between  the  need  of  accuracy  in  the  volume  of  interest  and  the  simulation  time. 

As  MWS  evaluates  both  local  and  total  average  SAR  through  closed  routines,  in  order  to  be  sure  regarding  the 
mass  involved  in  the  calculation,  we  adopted  a  suitable  numerical  procedure  made  up  of  two  steps  [4]. 

The  first  one  was  aimed  to  produce  electric  field  peak  values  on  the  whole  domain  by  MWS,  with  higher 
accuracy  in  the  sample  volume.  As  second  step,  a  mesh  refinement  limited  in  the  cell  cultures  volumes  was 
carried  out,  and  the  electric  field  values  were  recalculated.  In  this  way  the  volume  of  each  culture  medium  was 
discretized  with  spatial  resolution  of  about  (0.5  x  0.05  x  0.5)  mm  corresponding  to  157248  mesh  nodes.  Finally, 
the  electric  field  values  were  exported  to  commercial  SW  and  post-processed  to  compute  local  spatial  SAR 
(W/kg)  values  according  to  the  relation: 
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SAR  = 


(Eq.  1) 


<1 

2  P 


where: 


E(i) 

internal  electric  field  in  an  elementary  volume  of  the  cell  culture 
(peak  value)  [V/m] 

a 

conductivity  of  culture  medium  [S/m] 

p 

density  of  culture  medium  [kg/m3] 

The  total  average  SAR  was  evaluated  by  summing  every  SAR  spatial  contribution  on  the  basis  of  relation: 


(SAR)  = 


1  cr 
Nip 


(Eq.  2) 


where: 


E(i)k 

internal  electric  field  in  an  elementary  volume  (k-elementary  cell)  of  the  cell  culture 
(peak  value)  [V/m] 

a 

conductivity  of  culture  medium  [S/m] 

p 

density  of  culture  medium  [kg/m3] 

IV  Results 

900  MHz 


Figures  show  the  most  relevant  results  for  electric  field  calculations.  Figures  2  (a)  e  (b)  show  a  chromatic  3D 
scalar  representation  of  the  absolute  value  of  electric  field  distribution  (peak  values)  in  the  exposure  set-up  and 
in  the  culture  medium,  as  calculated  by  MWS. 


V/m 


V/m 


460  — 
388 
331 
Z73 
218 
158 
101  ■ 
13-1 
0  “ 


180 

152 

129 

107 

84-4 

61 . 9 
39.4 

16.9 
0 


(a)  E  field  in  exposure  set-up 


(b)  E  field  in  culture  medium 


Fig.2  -  3D  scalar  representation  of  the  electric  field  inside  the  structure  (peak  values) 

Figures  3  show  the  SAR  distribution  histogram  inside  the  culture  medium  and  a  chromatic  power  loss  density 
(PLD)  distribution  inside  the  cell  cultures.  The  local  spatial  SAR  values  inside  the  cell  culture  as  calculated 
from  our  numerical  procedure  previously  described.  The  total  average  SAR  calculated  from  these  distributions 
is  0. 1  W/kg  . 
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Power  Loss  Density  is  supplied  by  MWS  and  it  is  related  to  the  electromagnetic  power  locally  delivered  into  the 
sample.  PLD  is  described  by 


PLD  = 


d  f  dU ' 
dt\dV  j 


(Eq.  3) 


where  dU  is  the  incremental  energy  dissipated  in  an  a  volume  element  dV.  The  PLD  values  are  expressed  in 
units  of  W/m'. 


SAR  DISTRIBUTION 
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(b)  -  Power  Lost 


Fig.  3  -SAR  and  Power  loss  density  distribution  histogram  in  the  culture  medium 


Figures  from  4  to  7  show  the  most  relevant  results  of  the  4  disks  case. 


V/m 


(a)  E  field  in  exposure  set-up 


Fig  4 
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(d)  PLD  (down  right  culture) 


Fig  6 


SAR  DISTRIBUITION  (t2) 


SAR  DISTRIBUTION  (tl) 
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(a)  -  SAR  histogram  (up  left  culture) 
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(b)  SAR  histogram  (up  right  culture) 
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SAR  DISTRIBUTION  (t3) 


SAR  DISTRUBITION  (t4) 


SAR  (W/Kg) 


(c)  -  SAR  histogram  (  down  left  culture) 


SAR  (W/Kg) 

(d)  SAR  histogram  (down  right  culture) 


Fig  7 

The  total  average  SAR  calculated  from  these  distributions  is: 


CULTURE  POSITION 
up  left 
up  right 
down  left 
down  right 


SAR  (W/kg) 
1.1 
1.1 
1.4 
1.4 


1820  MHz 


Figures  from  8  to  1 1  show  the  most  relevant  results,  as  calculated  by  MWS  at  the  frequency  of  1820  MHz.  At 
this  frequency,  there  are  some  modes  of  field  propagation.  For  each  mode,  we  have  calculated  SAR 
contribution.  Only  first  an  second  mode  have  a  significant  value.  However,  in  our  calculations,  we  have 
considered  ten  modes. 
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(a)  E  field  in  exposure  set-up 
Fig  8 
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(b)  E  field  right  culture 


Fig  9 
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(a)  -  PLD  left  culture 


(b)  PLD  right  culture 


Fig  10 


SAR  DISTRIBUTION  (1820  ts) 


SAR  DISTRIBUTION  (1820  td) 


SAR  (W/Kfl) 

(a)  -  SAR  histogram  left  culture 
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Fig  11 


The  total  average  SAR  calculated  is  3.5  W/Kg  for  the  left  culture  and  the  right  culture 

V  Concluding  Remarks 


This  study  was  carried  out  in  the  frame  of  activities  referring  to  the  European  Project  EMF-NET,  Main  Task  2. 
In  fact  our  group  is  leader  of  the  Work  Package  12  focused  on  numerical  calculations  for  occupational  exposure. 

Variability  of  the  efficiency  depending  of  the  shape  of  terrain  culture  container  (flask  o  dish),  number  of 
samples  exposed  at  the  same  time,  their  positions,  has  been  investigated. 

Separately,  for  the  various  numerical  calculations  performed,  the  results  can  be  summarized  as  follows: 
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900  MHz  average  SAR  and  distribution  depend  on  quantity  of  culture  medium  (3  o  5  ml)  and  depend 
on  number  of  culture  exposed. 

900  MHz  average  SAR  and  distribution  depend  on  positions  of  the  culture  medium 

1820  MHz  average  SAR  doesn’t  depend  on  positions,  because  we  have  a  symmetry  in  our  set  up. 

All  simulations  show  that  the  spatial  distribution  of  SAR  inside  each  sample  is  not  homogeneous,  and 
local  SAR  values  may  be  highly  variable 
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Abstract 

Electric  field  probes  used  to  assess  the  specific  absorption  rate  (SAR)  of  energy  in  human  tissues  due  to  radio 
transmitters  are  largely  based  on  diode  detectors.  To  determine  the  accuracy  of  SAR  measurements,  it  is 
necessary  to  characterise  the  effect  of  the  signal  modulation  on  the  linear  response  of  these  probes.  This  paper 
describes  the  system  developed  at  the  National  Physical  Laboratory  to  assess  the  linearity  of  SAR  probes  to 
different  signal  modulations,  and  gives  results  for  four  commercially  available  SAR  probes.  There  was  a  wide 
variation  in  the  linearity  of  the  probes  to  pulse  modulated  signals,  and  this  highlights  the  need  to  assess  the 
linearity  to  the  signal  modulation  to  be  measured.  The  results  show  that  the  tests  in  the  IEEE  1528-2003  [1]  give 
a  conservative  estimate  for  the  linearity  error  in  most  cases. 


Introduction 

SAR  is  the  specific  absorption  rate  of  radio  frequency  energy  in  a  material  and  has  the  unit  watts  per  kilogram. 
SAR  forms  part  of  the  basic  restriction  limiting  exposure  of  humans  to  radio-frequency  fields  over  the  frequency 
range  100  kHz  to  10  GHz.  The  SAR  resulting  from  the  use  of  mobile  radio  transmitters  is  assessed  by  measuring 
the  electric  field  in  a  liquid  phantom  that  approximates  the  electrical  properties  of  the  biological  material  of 
interest.  For  a  dielectric,  SAR  is  then  calculated  by 


SAR  = 


P 


(1) 


where  E  is  the  electric  field  in  the  liquid,  a  its  conductivity  and  p  its  density.  The  electric  field  probes  used  to 
assess  SAR  contain  three  orthogonal  electric  field  sensors,  and  these  commonly  use  Schottky  diode  detectors. 
Below  the  diode  compression  point  the  output  voltage  from  the  diode  is  proportional  to  the  average  power 
during  the  measurement  (square  law  region).  At  high  powers  the  output  voltage  is  proportional  to  the  r.m.s 
voltage  during  the  measurement  period  (linear  region).  There  is  a  transition  region  between  the  linear  and  square 
law  region.  Since  the  diodes  are  operated  beyond  the  square  law  region,  the  output  voltage  ( V)  must  be  corrected 
to  obtain  a  linear  response  ( VLIN ),  using 


vLW  =  v\\  + 


DCP 


(2) 


where  DCP  is  the  diode  compression  point.  For  pulse-modulated  signals,  the  sample  rate  of  the  probe  may  be  too 
slow  to  correctly  sample  the  modulation,  and  in  this  case  the  Vun  is  obtained  using 


vUN  =  v\i+ 


CF  x  V 
DCP 


(3) 


where  CF  is  the  crest  factor  of  the  signal.  Linearity  is  defined  as  the  maximum  deviation  over  the  measurement 
range  of  the  measured  quantity  from  the  closest  linear  reference  curve  defined  over  a  given  interval  [2].  The 
linearity  of  each  sensor  in  the  probe  must  be  assessed  to  determine  the  uncertainty  for  SAR  measurements.  This 
paper  describes  the  system  developed  at  NPL  for  testing  the  linearity  of  SAR  probes,  and  gives  the  measurement 
results  for  probes  from  three  manufacturers  to  a  range  of  communications  signals. 


Description  of  the  measurement  system 

Linearity  is  measured  by  placing  the  sensor  in  an  electric  field  and  recording  the  diode  output  voltage  as  a 
function  of  input  power  to  the  system  used  to  generate  the  field.  This  can  be  done  with  the  sensor  in  air  or  liquid, 
but  air  is  preferable  since  the  conductivity  of  liquids  will  change  with  temperature,  introducing  non-linearity  to 
the  field  generating  system.  Figure  1  shows  a  schematic  of  the  system  used.  The  probe  is  placed  into  IEC-R22 
(UK  WG8)  waveguide  through  an  aperture  in  the  broad-wall  with  its  axis  at  an  angle  of  54.7°  to  the  axis  of  the 
waveguide,  so  that  rotation  of  the  probe  about  its  axis  allows  each  sensor  in  turn  to  be  aligned  with  the 
polarisation  of  the  field.  This  is  necessary  to  avoid  over-range  errors  occurring.  The  signals  were  generated  using 
an  Agilent  ESG  vector  signal  generator,  which  can  produce  a  wide  range  of  communications  signals.  A  5  W  low 
noise  linear  amplifier  allowed  sensors  to  be  tested  up  to  a  sensor  output  voltage  that  is  equivalent  to  100  Wkg'1. 
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A  power  sensor  monitors  the  input  power  to  the  system  via  a  high  directivity  coupler  and  step  attenuator.  The 
step  attenuator  was  adjusted  to  keep  the  burst  average  power  readings  in  the  range  -20  dBm  to  0  dBm,  as  this 
limits  the  uncertainty  due  to  the  linearity  of  the  power  sensor.  Note  that  changing  the  attenuation  step  does  not 
alter  the  power  transfer  between  the  signal  generator  and  the  waveguide,  and  this  is  an  important  requirement  for 
such  a  system. 


Figure  1:  Schematic  of  linearity  measurement  system. 

The  linearity  measurements  were  made  at  1800  MHz.  Table  1  lists  the  modulation  frequency  and  crest  factor  for 
the  signals  used.  UMTS  1  has  a  single  carrier  (5  MHz  bandwidth),  and  UMTS  4  has  four  carriers  (20  MHz 
bandwidth).  Pulse  1  and  Pulse  2  correspond  to  the  linearity  tests  specified  in  [1], 

_  Table  1.  Signal  characteristics _ 


Signal  type 

Crest  factor 

Modulation  frequency 

CW 

1 

0  Hz 

GSM 

8 

217  Hz 

DECT 

12 

100  Hz 

TETRA 

4 

17.6  Hz 

Bluetooth 

3.25 

(625ps  per  slot) 

WCDMA-1 

1 

0  Hz 

WCDMA-4 

1 

0  Hz 

Pulse  1 

10 

11  Hz 

Pulse  2 

25 

1  kHz 

Measurement  results 

The  linearity  of  the  probes  was  measured  for  peak  SAR  readings  over  the  range  0.02  Wkg"1  to  100  Wkg"1.  Table 
2  gives  the  maximum  linearity  error  of  the  probes  over  this  range.  Figures  2  to  5  show  the  SAR  reading  against 
the  ratio  of  average  input  power  to  the  system.  All  of  the  probes  over-read  at  high  SAR  levels  when  measuring 
pulse-modulated  signals.  The  extent  of  the  linearity  error  varies  considerable  between  probes  from  different 
manufacturers.  The  linearity  error  for  UMTS  signals  is  similar  to  that  for  CW  signals.  Table  3  gives  the 
maximum  change  in  the  relative  sensitivity  of  the  three  sensors  in  each  probe  over  the  range  0.02  Wkg"1  to 
100  Wkg"1.  This  corresponds  to  the  change  in  isotropy  due  to  differences  in  linearity  of  the  three  sensors  in  the 
probe. 


Table  2:  Linearity  over  the  peak  SAR  range  0.02  Wkg"1  to  100  Wkg"1. 


Signal  type 

Power  sensor 

Maximum 

Probe  A 

linearity  error  (d 
Probe  B 1 

:dB) 

Probe  C 

Probe  D 

CW 

0.05 

0.12 

0.51 

0.82 

0.93 

GSM 

0.07 

0.68 

1.71 

4.39 

1.45 

DECT 

0.06 

0.51 

1.98 

4.00 

2.80 

TETRA 

0.06 

0.69 

3.74 

4.90 

3.33 

Bluetooth 

0.07 

1.04 

0.52 

4.60 

1.13 

WCDMA  1 

0.05 

0.12 

0.25 

0.55 

0.91 

WCDMA  4 

0.05 

0.20 

0.18 

0.41 

1.31 

Pulse  1 

0.05 

0.58 

0.97 

3.11 

1.81 

Pulse  2 

0.25 

1.81 

0.57 

4.76 

2.41 

Quoted  over  the  range  0.1  Wkg"  to  100  Wkg"1,  as  this  probe  has  limited  sensitivity. 
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1.E-02  1.E-01  1.E+00  1.E+01  1.E+02  1.E+03  1.E+04  1.E+05 

Average  power  applied  (ratio) 

Figure  2.  Probe  A:  SAR  reading  against  average  applied  power. 


1.E-02  1.E-01  1.E+00  1.E+01  1.E+02  1.E+03  1.E+04  1.E+05 

Average  power  applied  (ratio) 

Figure  3.  Probe  B:  SAR  reading  against  average  applied  power. 


Average  power  applied  (ratio) 


Figure  4.  Probe  C:  SAR  reading  against  average  applied  power. 
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1.E-02  1.E-01  1.E+00  1.E+01  1.E+02  1.E+03  1.E+04  1.E+05 

Average  power  applied  (ratio) 

Figure  5.  Probe  D:  SAR  reading  against  average  applied  power. 


Table  3:  Change  in  isotropy  over  the  peak  SAR  range  0.02  Wkg'1  to  100  Wkg"1. 


Signal  Type 

Maximum  change  in  relative  sensitivity  of  the  three  sensors  (dB) 

Probe  A 

Probe  B 

Probe  C 

Probe  D 

CW 

0.30 

0.30 

0.39 

0.25 

GSM 

0.16 

0.57 

0.39 

0.31 

DECT 

0.24 

0.68 

2.13 

0.76 

TETRA 

0.29 

2.42 

0.47 

0.69 

Bluetooth 

0.05 

0.22 

0.59 

0.23 

WCDMA  1 

0.03 

0.03 

0.24 

0.27 

WCDMA4 

0.03 

0.06 

0.02 

0.31 

Pulse  1 

0.28 

0.69 

0.33 

0.94 

Pulse  2 

0.14 

0.44 

2.53 

1.21 

Conclusions 

The  linearity  performance  of  four  commercially  available  probes  for  measuring  SAR  was  tested  for  a  variety  of 
communications  signals  over  the  range  0.02  Wkg'1  to  100  Wkg"1.  The  linearity  performance  of  the  probes  to  CW 
signals  and  UMTS  signals  was  found  to  be  good.  The  low-level  detection  limit  of  one  probe  was  limited  to 
around  0.05  Wkg"1.  For  pulse-modulated  signals,  the  equation  used  to  compensate  for  diode  compression  (Eq  3) 
was  found  to  cause  the  probes  to  over-read  at  high  peak  SAR  levels.  The  extent  of  this  error  varied  considerably 
between  the  probes  tested.  For  one  probe,  this  correction  did  not  give  a  linear  response  for  pulse-modulated 
signals.  Differences  between  the  linear  responses  of  the  three  sensors  in  the  probes  were  also  observed.  It  is 
therefore  essential  to  characterise  the  linear  performance  of  SAR  probes  to  determine  the  measurement 
uncertainty.  Each  sensor  should  be  tested  separately,  as  differences  in  linear  response  between  the  sensors 
change  the  isotropy  of  the  probe.  In  most  cases,  the  tests  specified  in  the  [1]  gives  a  conservative  estimate  for  the 
linearity  error  for  the  range  of  pulse  modulation  schemes,  but  will  over-estimate  the  measurement  uncertainty  for 
many  real  signals.  Ideally,  the  linearity  should  be  tested  to  the  actual  signal  modulation  to  be  measured. 
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Abstract 

Acute  effect  of  electromagnetic  fields  (EMFs)  and  induction  of  genes,  with  no  thermal  stress,  have  been 
reported  but  remain  controversial.  In  previous  studies  we  have  found  neuronal  activation  markers  (c-fos) 
in  the  brain  of  rats  pre-treated  with  subconvulsive  doses  of  picrotoxin,  after  2hs  exposure  to  900  MHz 
GSM  radiation,  at  intensities  similar  to  those  emitted  by  mobile  phones.  In  this  study  we  analyzed  in  50 
adult  male  Sprague-Dawley  rats  the  time  course  effects  of  induction  of  c-fos  immunochemical  testing  of 
relevant  anatomical  areas  with  acute  experimentally  model  induced  by  picrotoxin,  after  60  minutes,  24 
hours  and  3  days  of  exposure  to  EMF  radiation.  C-Fos  positives  cells  were  counted  in  cortical  and 
hippocampal  areas,  using  a  morphometric  software,  having  expressed  counts  per  field  as  means  ±  s.e  m.. 
60  m  and  24  hs  after  the  radiation  (AR),  the  c-Fos  positive  cells  were  increase  on  cortical  and 
hippocampal  areas;  after  3  days  the  counts  were  similar  in  the  same  areas  of  the  exposed-and-treated 
and  non-exposed-and-treated  animals.  After  3  days,  none  of  them  showed  differences.  The  time  course 
of  the  effects  after  the  GSM  radiation  on  the  CNS  showed  to  be  recovered  after  3  days. 


1.  Introduction 

The  modulation  of  gene  expression  can  be  initiated  by  external  events,  acting  through  intracellular 
signalling  pathways  triggers  changes  in  differentiation  of  cells,  cell  growth  and  programmed  cell  death.  It 
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is  well  know  that  the  induction  and  up-regulation  of  immediate-early  genes  (IEGs)  precede  degenerative 
process  of  central  nervous  system  (CNS).  Induction  of  c-fos  has  been  associated  with  cellular  injury  and 
even  cellular  death  (1,2)  c-fos  is  also  easly  induced  under  non-pathogenic  environmental  conditions  and 
can  be  used  as  a  sensitive  marker  of  neuronal  activation  (3,  4).  The  expression  of  genes  called  proto¬ 
oncogenes  can  be  increased  by  tumor-promoting  agents,  ultraviolet  radiation  and  X-rays. 

In  relation  with  gene  activation  by  exposure  to  non-ionizing  radiofrequency  electromagnetic  radiation  on 
CNS  is  controversial  topic  that  normally  it  is  explain  normally  by  thermal  influence.  The  results  of 
studies  of  gene  expression  in  mammals  have  been  variable  and  generally  negative  (5).  Studies  of  changes 
in  the  expression  of  the  early  response  gen  c-fos  (6,  7,  8,  9)  in  the  brain  of  rats  and  mice  exposed  to  RF 
radiation  and  in  vitro  exposure  (10,11)  generally  find  no  effects  following  at  thermally  insignificant 
levels.  In  any  case,  c-fos  expression  is  known  to  increase  enter  sham  and  exposure  animals  of  the 
expression  levels  proto-oncogene  c-fos  after  exposure  to  RF  and  suggest  the  acute  genomic  response 
detected  was  due  to  immobilisation  (12)  of  an  animal  or  to  increase  simply  as  a  result  of  stress  (13).  In 
previous  study  in  rats  that  have  been  made  seizure -prone  by  subconvulsive  doses  of  picrotoxin,  GSM 
radiation  can  trigger  seizures  and  induce  changes  in  cerebral  activity  reflected  by  high  levels  of  c-Fos- 
positive  neurons  in  certain  brain  areas  (14).  The  brain  tissue  of  seizure  proneness  can  be  especially 
sensitive  to  the  effects  of  mobile-phone  type  radiation  (15). In  this  paper  the  time  course  of  the  effects  of 
radiation  were  evaluated  by  immunochemical  testing  of  relevant  brain  areas  for  a  marker  of  neuronal 
activation  c-Fos  expression  at  60m  24  hs  and  3  days  after  2h  of  GSM-modulated  900  MFlz  radiation  at 
intensity  similar  to  that  emitted  by  mobile  phones. 

2.  Material  and  Methods 
2.1.  Animals  and  experimental  procedure 

72  adult  male  Sprague-Dawley  rats  weighing  230-270  g  were  housed  during  exposure  under  standard 
environmental  conditions  (12:12  h  light/dark  cycle,  22°C)  with  food  and  water  available  ad  libitum. 
Twelve  groups  of  eight  rats  were  given  the  following  treatments: 


Experimental  groups 

Group  1:  Picrotoxin  Treated  (PT)+  irradiated  (IR)  studied  to  60m 

Group  2:  PT+  Non-Irradiated  (NIR)  studied  to  60m 

Group  3:  PT+ IR  studied  to  24hs 

Group  4:  PT+  NIR  studied  to  24hs 

Group  5  PT+  IR  studied  to  3  ds 

Group  6  PT+  NIR  studied  to  3ds 

Group  7  Non-Treated  with  Picrotoxin  (NTP)  +  IR  studied  to  60m 

Group  8  NTP  +  NIR  studied  to  60m 

Group  9  NTP  +  IR  studied  to  24hs 

Group  10  NTP  +  NIR  studied  to  24hs 

Group  11  NTP  +  IR  studied  to  3  ds 

Group  12  NTP  +  NIR  studied  to  3  ds 


Table  1.  This  table  showed  experimental  groups  used  in  this  experiment 

Immediately  following  intraperitoneal  administration  of  2  mg/kg  of  picrotoxin  (Sigma),  used  in  groups  1-6, 
each  animal  was  immobilized  in  a  methacrylate  tube  and  placed  in  a  150  x  46  x  70  cm3  radiation  cage  that  had 
previously  been  calibrated  to  enable  measurement  of  the  radiation  absorbed  by  the  animal. 
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2.2.  Determination  of  exposure 

Animals  belonging  to  groups  1  and  4  (2  and  5)  were  irradiated  with  GSM-modulated  (non-modulated)  900 
MHz  radiation,  and  the  power  absorbed  by  the  animal  was  correspondingly  determined  (see  [14]).  The 
irradiation  power  level  ±  1000  MW,  was  chosen  to  be  somewhat  lower  than  the  average  power  radiated  by  a 
GSM  mobile  phone.  In  the  metallic  cage  all  the  animals  were  videotaped  to  record  their  behaviours  while 
radiated;  after  2  h  they  were  removed  from  the  cage  and  sedated  with  pentobarbital  to  transfer  them  to  the 
histochemistry  laboratory.  In  the  radiation  cage,  the  experimental  animal  in  its  methacrylate  tube  was  located 
between  a  radiating  antenna  and  a  receiving  antenna  with  its  head  at  an  electromagnetic  field  maximum  (as 
calculated  by  finite-difference  time  domain  (FTDT)  calculations  [16]  for  the  cage  plus  radiating  antenna  set 
up). 

2.3.  Immunohistochemistry,  quantification  and  statistical  analysis  of  immunohistochemical  findings 

Approximately  1  h  after  removal  from  the  radiation  cage,  the  rats  were  given  an  overdose  of  pentobarbital,  as 
said  above,  and  prefixed  by  transcardial  perfusion  with  physiological  saline  followed  by  formaldehyde  in 
phosphate  buffer  (pH  7.4).  Their  brains  were  immediately  removed  and  processed  in  sections  of  40|i.  The 
free-floating  sections  were  used  for  polyclonal  sheep  anti-Fos  antibody  immunochemistry  tests  (from 
Cambridge  Research  Biochemicals,  Billingham,  UK). 

For  each  rat,  c-Fos  positivity  was  evaluated  in  cerebral  cortex  (frontal  motor,  parietal  motor,  piriform 
olfactory  and  entorhinal  olfactory  areas),  in  hippocampal  structures  (dentate  gyms,  CA1  and  CA3).  For  each 
area,  three  or  four  sections  were  examined.  c-Fos-positive  cells  were  counted  in  a  0.30  mm2  field  magnified 
20x.  Counts  per  field  were  reported  for  each  group  of  rats  as  means  ±SEMs.  The  significance  of  between- 
group  differences  was  estimated  by  two-way  analysis  of  variance  (picrotoxin  status :  PT  vs  NTP  x  radiation 
status:  IGSM  vs  INM  vs  NI).  Post  hoc  comparisons  were  made  using  Scheffe-type  tests.  Differences  with 
/?>0.05  were  considered  not  to  be  statistically  significant. 

3.  Results  and  Discussion 

3.1.  SAR  Results 

The  parameters  of  radiation  absorbed  power,  incident  power,  for  the  calculus  of  average  SAR  exp,  Peak  SAR 
values  calculated  for  picrotoxin-treated  and  untreated  irradiated  rats  are  listed  in  Table  1.  Every  values  are  lower 
thermal  level  (5  W/kg) 


Absorbed 

Power 

(AP) 

Incident 

Power 

(IP) 

Efficiency= 
Mean  Abs. 
Power  / 
Incident 
Power  (r|) 

Mean 

Weight 

Mean  SAR 
(experim.)  in 
Brain 

Mean  SAR 
(experim.) 
in  Body 

Peak  SAR 
(experim.) 
averaged  in 
lg  brain 

Peak  SAR 
(experim.) 
averaged  in  lg 
body 

(mW) 

(%) 

(g) 

(W/kg) 

Group  1 

178.37 

956.72 

19.00 

209.95 

1.32379 

0.74551 

1.48858 

4.09329 

Group  3 

192.67 

710.83 

27.16 

225.07 

1.32961 

0.74879 

1.49512 

4.11127 

Group  5 

186.17 

717.50 

26.10 

199.98 

1.44819 

0.81556 

1.62846 

4.47793 

Group  7 

189.41 

1060.64 

17.84 

211.83 

1.38628 

0.7807 

1.55884 

4.28651 

Group  9 

202.33 

744.17 

27.28 

228.65 

1.37498 

0.77434 

1.54613 

4.25156 

Group  11 

201.60 

801.88 

25.10 

230.66 

1.35739 

0.76443 

1.52636 

4.19719 

Tablet.  SAR  values  (W/kg)  of  picrotoxin-treated  and  untreated  rats  during  irradiation  with  GSM-modulated 
900MHz  radiation  (means  of  7  or  8  rats)  Rat  group  whole  body  Brain  Mean  Peak  1-g-averaged  Mean  Peak  1-g 
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3.2.  Morphological  Results 

In  picrotoxin-treated  animals,  c-Fos-positive  neurons  appeared  systematically  in  the  thalamus  and  cortical 
areas,  and  some  animals  also  showed  more-or  less  scattered  c-Fos  positivity  in  the  hippocampus,  amygdale, 
or  putamen-caudate  complex,  and/or  in  hypothalamic  and  pontomesencephalic  nuclei  c-Fos-positive  neuron 
counts. 


B 


C 


Figure  1.  C-fos-positive  cell  counts  in  the  frontal,  parietal,  piriform  and  entorhinal  cortex  (A)  60  minutes  (B)  24 
hours  (C)  3  days  after  irradiation,  (means  of  seven  or  eight  rat  groups;  whiskers  indicate  SEMs). 


3.2.1.  Cortical  Areas: 

-  Sixty  minutes  after  radiation  neuron  counts  in  irradiated  picrotoxin-treated  rats  were  almost  double  those 
found  in  non-irradiated  picrotoxin-treated  rats.  In  rats  without  picrotoxin  treatment,  counts  were  lower  than  in 
picrotoxin-treated  animals  and  may  were  in  relation  with  cortical  area.  In  almost  all  the  areas  examined  analysis 
of  variance  showed  that  both  picrotoxin  and  radiation  had  statistically  significant  effects  on  counts,  and  that  the 
effect  of  each  was  significantly  modified  by  the  other. 

Irradiated  picrotoxin-treated  animals  had  significantly  higher  counts  than  non-irradiated  picrotoxin-treated 
animals  in  both  the  frontal  cortex  (p  <  0.001)  and  the  parietal  cortex  (p  <  0.004).  There  were  no  significant 
differences  for  counts  in  frontal  cortex  but  in  parietal  cortex  we  found  significant  differences  (p  <  0.05)  between 
irradiated  and  non-irradiated  rats  that  had  not  received  picrotoxin.  In  the  piriform  cortex  there  is  statistically 
significant  difference  in  picrotoxin-treated  irradiated  and  non  irradiated  (p  <  0.001)  and  non  treated  irradiated 
and  non  irradiated  animals  (p  <  0.003),  in  this  area  there  is  important  interaction  between  radiation  and 
treatment  (p=  0.002).  In  entorhinal  cortex  did  radiation  per  se  have  a  statistically  significant  influence  on  counts 
( p  <  0.001)  and  in  this  area  it  significantly  modified  the  effect  of  picrotoxin  (p  <  0.01)  but  there  is  not  a 
statistically  significant  interaction  between  both  variables;  In  both  areas  there  was  a  statistically  significant 
difference  in  counts  between  irradiated  and  non-irradiated  rats  that  had  not  received  picrotoxin  (p  <  0.05). 
Twenty-four  hours  after  radiation  neuron  counts  in  irradiated  picrotoxin-treated  rats  values  were  similar  found 
in  non-irradiated  picrotoxin-treated  rats.  In  cortical  areas  examined  analysis  of  variance  showed  that  picrotoxin 
had  statistically  significant  effects  on  neuron  counts.  However  both  variables  picrotoxin  and  radiation  had 
statistically  significant  effects  on  counts  alone  in  Entorhinal  cortex  (p  <  0.001).  In  neither  the  frontal,  parietal 
and  piriform  cortex  did  radiation  per  se  have  a  statistically  significant  influence  on  counts,  but  in  this  areas  the 
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counts  it  significantly  modified  for  the  effect  of  picrotoxin.  In  neither  cortical  area  was  there  a  statistically 
significant  difference  in  counts  between  irradiated  and  non-irradiated  rats  that  had  not  received  picrotoxin. 

Three  days  after  radiation  in  cortical  areas  there  are  a  statistically  significant  effects  on  counts  in  relation  with 
treatment  picrotoxin  but  the  statistically  significant  interaction  effects  between  radiation  x  picrotoxin  it  happen 
on  frontal  cortex  alone.  C-fos  positive  neurons  in  irradiated-treated  rats  showed  statistically  significant 
difference  in  non-irradiated  picrotoxin-treated  rats  on  frontal  (p  <  0.026)  and  parietal  (p  <  0.05)  cortex.  In 
neither  cortical  areas  there  were  a  statistically  significant  difference  in  counts  between  irradiated  and  non- 
irradiated  rats  that  had  not  received  picrotoxin. 
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Figure  2.  C-fos-positive  cell  counts  in  Gyrus  dentate, CA1  and  CA3  in  Hippocampal  areas  (A)  60  minutes  (B) 
24hous  (C)  3  days  after  irradiation,  (means  of  seven  or  eight  rat  groups;  whiskers  indicate  SEMs). 


3.2.2.  Hippocampal  Areas: 

-Sixty  minutes  after  radiation  neuron  counts  in  hippocampal  areas  showed  the  highest  levels  c-Fos  in  rats 
without  picrotoxin  treatment  and  irradiated.  The  two  way  analysis  of  variance  showed  that  there  is  a  statistically 
significant  interaction  between  radiation  and  treatment  in  hippocampal  areas  and  generally  a  major  effect  of 
radiation  in  untreated  animals.  In  Gyrus  dentate  untreated  and  radiated  animals  showed  significance  differences 
with  treated  and  radiated  animals  (p  <  0.013)  and  untreated  and  non  radiated  animals  (p  <  0.002).  C-Fos  positive 
neuron  counts  in  non  picrotoxin  treated  and  irradiated  animals  had  statistically  significant  difference  with 
picrotoxin  treated  and  irradiated  animals  in  CA1  (p  <  0.009)  and  CA3  (p  <  0.013).  Irradiated  and  untreated 
animals  and  non-irradiated  and  untreated  animals  showed  significance  differences  in  both  areas  CA1  (p  <  0.001) 
and  CA3  {p  <  0.001). Treated  animal  irradiated  and  non  irradiated  showed  significant  differences  in  CA1  alone 
O  <  0.012). 

-  Twenty-four  hours  after  radiation  neuron  counts  in  the  most  animals  unirradiated  showed  higher  levels  of  c-fos 
positives  neurons  than  irradiated  animals.  The  same  way  picrotoxin  treatment  animals  showed  important  levels 
in  the  counts  neurons  respect  to  animals  without  treatment.  Non-irradiated  picrotoxin-treated  animals  had 
significantly  higher  counts  than  irradiated  picrotoxin-treated  animals  in  GD,  CA1  and  CA3  {p  <  0.05,  p  <  0.05, 
p  <  0.001).  Non  irradiated  animals  without  picrotoxin  showed  significance  differences  with  in  irradiated 
animals  in  three  cortical  areas. 

-Three  days  after  radiation  disappear  the  major  differences  in  the  counts  in  picrotoxin  treated  and  irradiated 
animals  and  non  picrotoxin  treated  and  non-irradiated  animals  except  in  CA3  area  where  there  is  a  significance 
differences  in  counts  enter  two  groups  (p  <  0.05).  The  animals  without  picrotoxin  treatment  showed  significant 
differences  in  irradiated  and  unradiated  animals  in  CA1  hippocampal  area  alone. 
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3.3.  Discussion 

We  have  studied  the  time  course  of  effects  of  RF  radiation  on  the  CNS  in  two  relevant  anatomical  areas: 
cerebral  cortex  and  hippocampal  areas.  Within  the  CNS,  the  cerebral  cortex  is  the  part  of  the  brain  that  is  most 
vulnerable  to  the  electromagnetic  field  (EMF)  [17]  exposure  as  it  is  a  peripheral  anatomical  structure  that 
received  most  of  SAR  of  microwave  radiation  at  non  thermal  levels  (see  table).  Flowever,  a  very  low  level  of 
radiation  may  produce  effects  due  to  the  vulnerability  of  cerebral  cortex,  altering  the  activity  of  the  nervous 
system  [18].  Flippocampal  areas  are  in  the  middle  of  the  brain  and  the  low  level  SAR  did  not  explain  the  direct 
effect  of  GSM  radiation  in  this  area.  The  radiation  seems  to  act  as  a  periodic  peripheral  stimulus  that  increases 
the  vulnerability  of  neuronal  circuits  that,  in  the  case  of  GABA-ergic  circuits,  have  already  been  weakened  by 
picrotoxin  [14].  Sixty  minutes  after  radiation  there  is  high  expression  of  c-Fos  in  cortical  areas.  Neuronal 
changes  are  not  persistent  and  24  hs  after  irradiation  both  groups,  picrotoxin-treated  rat  irradiated  and 
picrotoxin-treated  and  non  radiated,  had  similar  levels.  Finally  3days  after  irradiation  there  was  a  compensation 
in  most  of  the  groups.  The  progressive  time  course  recovering  of  c-fos  levels  in  this  acute  model  of  seizure- 
proneness  indicate  no  altered  functionally  physiological  normal  mechanism  after  acute  radiation. 

4.  Conclusions 

The  time  course  of  the  effects  after  the  GSM  radiation  in  rats  that  have  been  treated  by  subconvulsive  doses  of 
picrotoxin  showed  induced  changes  in  cerebral  activity.  These  are  reflected  by  high  levels  of  c-Fos-positive 
neurons  in  certain  brain  areas  after  60m.  The  differences  between  the  irradiated  and  non  irradiated  groups  are 
shown  to  be  minor  after  24  hs  from  radiation  and  finally  they  be  recovered  after  3  days. 
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Abstract 

Rat  thyroid  gland  was  exposed  in  vivo  to  2.450  MHz  microwave  fields  using  a  commercial  set  up  (GTEM).  Heat 
shock  protein  Hsp90  is  constitutively  expressed  in  most  cells  under  normal  physiological  conditions  and  is  induced 
in  cells  upon  cellular  stress.  The  purpose  of  this  work  is  to  explore  the  expression  of  chaperone  Hsp-90  as  a 
biological  marker  that  determines  the  sensitivity  of  thyroid  gland  to  whether  acute  or  repeated  microwave 
exposures. 

Twenty-six  female  Sprague-Dawley  rats  were  studied  with  an  irradiating  microwave  experimental  system  subject 
to:  1)  30  minutes  acute  exposure  to  whether  1,5  or  3,0  W  and  2)  Repeated  exposure  of  30  minutes  per  day  during 
10  days  to  3,0  W.  Rats  were  perfused  with  4%  paraformaldehyde,  and  thyroid  gland  removed  90  min  and  24  hours 
post-exposure.  Finally  the  thyroid  glands  were  studied  with  histochemestry  techniques:  Hematoxylin-Eosin  and 
inmunocytochemical  analysis  of  Hsp90 

These  results  suggest  that  microwave  radiation  provokes  a  stress  stimulus  for  thyroid  gland  with  both  thermal  and 
non-thermal  mechanisms.  In  acute  exposures  they  showed  response  to  functional  activity  changes,  but  with  chronic 
exposure  the  physiological  mechanism  of  the  gland  suffered  a  certain  degree  of  adaptation  to  this  type  of  stress. 


1.  Introduction 

The  heat  shock  proteins  (Hsps)  are  a  cytoprotective  cellular  system  which  has  different  physiologic  functions  for 
homeostatic  cellular  balance  and  in  response  to  cellular  stress.  Hsps  have  been  shown  to  function  in  protein 
maturation  events  such  as  protein  folding,  unfolding  and  translocation  across  membranes  [1]  [2].  There  are  two 
cytoplasmic  isoforms  mains:  Hsp90a  (inducible  form/major  form)  and  Hsp90fi  (constitutive  form/  minor  form) 
[3][4]. 

Hsp90  is  an  abundant  and  highly  conserved  molecular  chaperone  that  is  essential  for  viability  in  eukaryotes  [5], 
comprises  as  much  as  l%-2%  of  total  cellular  protein  under  basal  conditions  and  increase  to  4%-6%  of  cellular 
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proteins  under  stress  [4].  Therefore,  it  is  constitutively  expressed  in  most  cells  under  normal  physiological 
conditions  and  is  induced  in  cells  upon  exposure  to  elevated  temperatures  or  other  forms  of  cellular  stress  [6]  as 
hypoxic/anoxic  injury,  radiations,  heavy  metals,  viral  infections,  drugs  ...  Then  Hsp90  is  a  main  functional 
component  of  an  important  cytosol  chaperone  complex,  and  is  involved  in  different  cellular  processes,  such  as  cell 
proliferation,  differentiation  and  apoptosis.  It  is  also  associated  with  various  cellular  proteins  such  as  steroid- 
hormone  receptors,  aryl  hydrocarbon  receptor,  MyoD,  oncogen  tyrosine  kinases,  haem-regulated  aukariotic 
initiation  factor  2a  kinase,  casein  kinase  II,  actin  and  tubulin  [7].  Hsp90  expression  is  higher  in  proliferative 
cellular  process  than  in  normal  tissues  [8]  and  allow  tumor  cells  to  tolerate  alterations  that  would  be  lethal. 

A  lot  of  years  before  ionizing  radiation  has  been  proven  to  cause  genetic  damage,  which  can  lead  to  cancer  and 
thyroid  gland  is  one  of  the  organs  most  sensitive  to  radiation  [9] [10],  In  the  last  years  the  investigation  of  anti¬ 
cancer  therapy  is  direct  to  specific  proteins  as  Hsp90  [1 1][12][13]. 

Heat  shock  protein  is  released  after  exposure  to  microwave  at  levels  causing,  or  not,  heating  [  14][  1 5] .  And  thyroid 
gland  function  change  in  response  to  environmental  temperature  and  can  be  directly  stimulated  by  microwave 
heating  changed  the  activity  [15]. 

Although  non-ionizing  radiation  like  microwaves  have  not  been  established  as  a  cancer-causing  agent,  we  like  to 
explore  the  expression  of  chaperone,  Hsp90  as  a  biological  marker  that  determines  the  sensitivity  of  thyroid  gland 
to  whether  acute  or  repeated  microwave  exposures.  And  we  like  to  check  if  existed  differences  between  thyroid 
gland  exposed  to  microwaves  and  non  exposed  (controls). 


2.  Material  and  Methods 
2.1.  Animal  exposure 

Twenty-six  female  Sprague-Dawley  rats,  weighting  between  168,7  and  248,5  gr.  were  exposed  in  vivo  to  2.450 
MHz  microwave  fields  using  a  commercial  set  up  GTEM  250:  twenty-two  rats  were  exposed  during  30  minutes 
one  day,  acute  exposure  to  1,5  or  3,0  W  and  four  rats  were  exposed  during  30  minutes/day  for  10  days,  chronic 
exposure  to  3,0  W.  Radiation  was  direct  to  left  front  leg.  During  exposure,  rats  were  housed  in  transparent 
cylindrical  perspex  jigs  that  did  not  allow  them  to  move. 


GROUP 

TIME  EXPOSURE  -MICROWAVE  POWER  -  PERFUSION 

1 

EXPOSURE  30' , 

P=  1,5  w, 

PERFUSION  90' 

2 

EXPOSURE  30'  , 

P=  1,5  w, 

PERFUSION  24  h 

3 

EXPOSURE  30', 

II 

$ 

PERFUSION  90' 

4 

EXPOSURE  30', 

P=  3  w, 

PERFUSION  24  h 

5 

EXPOSURE  30710  days, 

P=3  W, 

PERFUSION  10  d 

TABLE  1.  Exposure  groups  relative  to  time  of  exposure,  microwave  power  applied  and  time  elapsed  until 

perfusion  with  4%  paraformaldehyde. 


2.2.  Tissue  processed 

Rats  were  anesthetized  with  dose  of  pentobarbital  40  mg/Kg  and  sacrificed  90  minutes  or  24  hours  after  exposure. 
Were  perfused  with  4%  paraformaldehyde  in  phosphate  buffer  during  20  minutes  through  transcardiac  cannula  and 
thyroid  glands  removed  90  minutes  and  24  hours  post-exposure  and  were  introduced  in  post- fixed  (10% 
paraformaldehyde)  during  12-24  hours. 

The  tissues  were  passed  for  different  alcohols  for  dehydrate  (  OH  70°  one  hour,  OH  96°  two  hours,  OH  100°  two 
hours,  and  finally  Toluol  two  hours),  following  paraffin  embedding  during  six  hours  and  4  p  sections  were  taken 
for  Hematoxylin-Eosin  and  inmunocytochemical  analysis  of  Hsp90. 

The  same  process  was  realized  regarding  to  control  groups. 

All  tissues  were  observed  with  optical  microscope  for  different  magnification  (20x,  40x  and  lOOx)  of  the 
constitutive  structures  and  a  quantitative  model  was  established  between  exposure  rats  and  control  rats. 
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3.  Morphological  Results 

In  thyroid  glands  the  structures  studied  were:  connective  tissue  of  capsular  membrane;  interlobule  connective 
tissue;  follicular  cell  and  parafollicular  cell. 

In  acute  microwave  exposure  of  thyroid  glands,  Hsp90  proteins  expressed  increase  at  all  structures  respect  to 
controls  and  this  increase  was  greater  with  high  potency.  But  this  increase  was  lesser  in  thyroid  removed  24  hours 
respect  to  90  minutes  post-exposure.  In  chronic  microwave  exposure  we  observed  a  decreased  of  Hsp90  expression 
respect  to  the  control  in  all  structures  studied. 

In  table  2  we  can  see  the  representation  of  data.  Results  concerning  SAR  will  be  presented  in  the  poster. 


ACUTE 

EXPOSURE 

1,5  W 

ACUTE 

EXPOSURE 

3,0  W 

CHRONIC 
EXPOSURE 
3,0  W 

PERFUSION 

PERFUSION 

PERFUSION 

90 

minutes 

24  hours 

90 

minutes 

24  hours 

90  minutes 

+  +  + 

+  +  + 

+  +  + 

+ 

+ 

CONNECTIVE 
TISSUE  CAPSULAR 
MEMBRANE 

+  + 

+  + 

+  +  + 

+  + 

+ 

CONNECTIVE 

TISSUE 

INTERLOBULE 

+ 

+ 

+  + 

+ 

- 

FOLLICULAR  CELL 

+ 

+ 

+  + 

+ 

- 

PARAFOLLICULAR 

CELL 

TABLE  2.  In  this  table  we  group  the  results  about  all  types  of  radiation  (acute  and  chronic)  power,  exposure  time 
and  perfusion  time  after  radiation. 


•  -  Without  expression 

•  +  Poor  expression 

•  +  +  Moderate  expression 

•  +  +  +  High  expression 


The  Hsp90  expression  in  different  structures  of  thyroid  gland  respect  corresponding  controls: 

Capsular  membrane:  Hsp90  expression  is  high  whether  for  3.0W  or  1.5W,  for  the  animals  sacrificed 
90  minutes  after  exposure.  But  for  animals  sacrificed  24  hours  after  exposure  there  is  a  decrease  in  the 
Hsp90  expression,  and  such  a  decrease  is  more  pronounced  in  animals  exposed  to  3.0W  including 
expressed  levels  below  the  control  group.  For  exposures  chronics  the  Hsp90  expression  were  poor  for 
all  samples  with  respect  to  the  control  group. 

Interlobule:  The  levels  Hsp90  expression  are  higher  with  3.0W  than  with  1.5W  for  animals 
sacrificed  90  minutes  after  exposure.  With  3.0W  Hsp90  expression  was  higher  than  with  1.5W.  But 
when  animals  were  sacrificed  24  hours  after  exposure  the  expression  is  equal  for  both  1.5W  and 
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3.0W.  And  for  chronic  exposed  animals  Hsp90  presented  a  decrease  with  respect  to  the  control  group 
with  a  poor  expression  at  the  same  mode  than  capsular  membrane. 


Follicular  cell:  Hsp90  expression  was  higher  for  groups  exposed  to  3.0W  (moderate  expression)  than 
for  groups  exposed  to  1.5W  (poor  expression),  all  of  them  sacrificed  90  minutes  after  exposure.  The 
expression  was  very  marked  at  the  periphery  follicular  cells.  24  hours  after  exposure,  to  whether  3.0 
W  or  1.5W,  a  poor  expression  persisted  (with  respect  to  control  group).  And  in  the  other  hand  in 
follicular  cells  of  thyroid  glands  exposed  with  chronic  radiation  did  not  express  Hsp90,  while  the 
control  group  presented  a  minimal  expression. 

Parafollicular  cell:  The  expression  of  these  cells  is  similar  to  that  of  follicular  cells.  In  thyroid  gland 
removed  90  minutes  after  exposure,  the  group  exposed  to  3.0W  presented  a  higher  Hsp90  expression 
compared  to  the  group  exposed  to  1.5W,  respect  to  control  group.  When  thyroid  glands  were  removed 
24  hours  after  exposure,  Hsp90  expression  was  the  same  for  two  groups  (3.0W  and  1.5W).  And  in 
contrast  to  chronic  exposure  control  (minimal  expression  of  Hsp90)  the  chronic  exposure  group  did 
not  present  Hsp90  expression. 


PHOTOS 


CONTROL  ACUTE  EX.  (3.0W) 


Figure  1.  In  thyroid  glands  exposed  to  acute  radiation,  the 
HSP90  expression  increase  in  cellular  membrane  and 
intracellular  structures  with  respect  to  control. 


CONTROL  CHRONIC  EX.  (3.0W) 


Figure  2.  In  thyroid  glands  exposed  to  chronic  radiation,  the 
HSP90  expression  in  chronic  exposure  is  is  lower  than  in 
control. 


4.  Discussion 

With  these  results  we  can  observe  that  the  use  of  microwave  power  at  whether  1.5w  or  3.0W  stimulated  Hsp90 
production,  compared  to  control  groups,  because  this  radiation  constitutes  a  stressing  factor  for  thyroid  gland,  in 
acute  exposure.  In  chronic  exposure  Hsp90  expression  decreased,  perhaps  due  to  adaptation  of  the  cells  to  this  type 
of  stress.  M.  Brennan  and  colleagues  observed  the  effects  of  body  temperature  during  exercise  training  on 
myocardial,  and  they  described  that  Hsp90  increases  with  exercise  in  cold  run;  and  at  the  end  of  9  weeks  training 
Hsp90  levels  were  no  longer  significantly  increased,  which  may  indicate  that  a  certain  degree  of  adaptation  to  this 
type  of  stress  occurs  [17].  By  contrast,  in  animals  adapted  to  some  stressor,  such  as  anoxia,  Hsp90  expression  does 
increase  after  acute  stress  exposure;  and  in  chronic  exposure  Hsp90  experiment  a  rapid  increase.  It  is  possible  that 
such  an  increase  in  the  expression  of  stress  proteins  is  part  of  a  rescue  mechanism,  triggered  at  the  survival  limit, 
similar  to  a  behaviour  observed  in  the  experiment  with  the  western  painted  turtle  Chrysemys  picta  belli,  which  is 
the  most  anoxia-tolerant  vertebrate  known  [18]. 
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5.  Conclusions 

These  results  suggest  that  microwave  radiation  is  a  stressful  stimulus  for  thyroid  gland  in  acute  exposure  with 
power  of  1.5  and  3.0  watts.  Nevertheless,  with  chronic  exposure  the  gland  suffers  a  certain  degree  of  adaptation  to 
this  type  of  stress  revealed  by  the  Hsp90  expression  decrease. 
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Abstract 

Microwave  radiation  can  switch  certain  genes  in  response  to  stressful  challenges  to  the  cell.  Heat  shock 
protein  90  (HSP-90)  are  immediately  expressed  as  marker  of  stress  injury  and  play  a  protective  role  on 
central  nervous  system.  Moreover,  HSP-90  is  preferentially  expressed  in  neuronal  cell  populations  in  the 
unstressed  mammalian  brain.  We  explore  the  expression  of  molecular  chaperone  HSP-90  on  brain 
neuronal  circuits  of  rats  using  high-power  microwaves  with  no-thermal  or  thermal  radiation. 

Twenty  adult  males  Spragiie-Dawley  were  exposure  to  radiation  (1.5  and  3  W  at  2.45  GHz)  using  a 
commercial  set  up  GTEM-250.  (1)  In  acute  exposures  during  30';  (2)  Repeated  acute  exposures  (30') 
during  ten  days.  Control-rats  were  immobilized  in  set  up  considering  the  same  elapse  time  but  with  no 
exposure  to  microwave. 

Approximately  90 'and  24  h  after  removal  from  the  radiation  cage,  the  rats  were  prefixed  by  transcardial 
perfusion  saline  followed  by  formaldehyde  (4%).  Their  brains  were  cut  with  a  vibrotome  in  transverse  40 
pm  sections.  Finally,  the  sections  were  processed  with  blue  toulidine  and  were  tested  with  HSP-90 
immunochemistry  on  hypothalamus,  thalamus,  hippocampus  and  cortical  areas. 

Acute  exposure  to  microwave  increases  the  HSP-90  expression  in  subregions  of  hypothalamus,  thalamus, 
hippocampus  and  cortical  areas;  and  these  changes  persist  with  repeated  exposure. 


1.  Introduction 

In  the  last  years  a  great  social  and  scientific  concern  has  arisen  for  the  possible  adverse  effects  of 
the  electromagnetic  fields  in  the  living  organisms,  in  short  of  the  radiofrequency,  given  the  great 
technological  advance  of  the  last  years,  mainly  in  the  field  of  the  mobile  telephones.  However,  already  for 
many  years  that  one  comes  applying  the  radiofrequency,  in  short  the  microwave,  in  the  human  being.  A 
clear  example  is  the  medical-therapeutic  application  of  high  frequency  radiation  microwave  (2,45  GHz) 
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HEAT  SHOCK  PROTEIN  (HSP-90) 
in  processes  ostheoarticulars  (diathermy  for  microwave)  at  different  powers,  usually  between  25  and  200 
watts  (w).  Microwave  treatment  is  applying  in  humans  directly  over  the  anatomical  treatment  part  about 
15-30  minuts  during  10-20  sessions.  There  is  recently  experimental  evidence  that  the  interaction  of  the 
radiofrequency  with  the  living  organism  could  produce  effects  not  cause  by  heating  biological  tissue  (D. 
Pomerai,  2003;  E.Diem,  2005).  There  by,  there  are  describe  two  types  of  biological  effects:  thermal  and 
not  thermal.  Thermal  effects  make  reference  to  secondary  effects  of  energy  deposited  in  the  organism 
which  cause  an  increase  of  temperature  in  the  biological  body  and  secondarily  stimulates  the 
thermoregulation  mechanisms;  and  non-thermal  effects  are  caused  by  the  microwave  radiation  which 
does  not  increase  the  temperature  in  the  organism  (J.  L.  Franco  and  cols,  2006). 

Pleat  shock  proteins  are  constitutively  expressed  under  normal  conditions  in  cells  and  they 
intervene  in  a  routine  way  in  the  metabolic  processes  essentials  for  the  cell,  like  the  “novo”  proteins 
folding  (D.  Picard,  2002).  But  it  is  also  known  that  under  stressful  conditions  these  proteins  are 
overexpressed  (induced  F1SP)  to  have  a  protective  role  in  cells  (D.  S.  Latchman,  2004),  and  even  several 
studies  showed  that  HSP  synthesis  is  responsible  for  the  protective  effect  of  preconditioning  by  mild 
stressful  stimuli  (V.  Amin  et  al,  1995).  Recent  studies  have  demonstrated  than  heat  shock  protein  90 
(HSP-90)  is  expressed  under  physiologic  conditions  in  more  quantity  in  neural  tissue  that  not  neural  (P. 
Gass,  1994;  S.  M.  D'Souza  and  I.  R.  Brown,  1998),  and  that  overexpression  of  HSP-90  plays  an 
important  role  in  the  maintenance  of  the  survival  neuronal  (G.S.  Jeon  and  cols,  2004;  R.G.  Ahmed,  2005), 
for  what  we  conclude  that  HSP-90  constitutes  a  biomarker  that  will  help  us  to  know  the  effects  at  level 
neuronal  of  different  types  of  cellular  stress,  in  this  case  of  the  radiation  microwave. 

The  aim  of  this  study  was  to  explore  the  expression  of  molecular  chaperone  HSP-90  on  brain 
neural  circuits  of  rats,  using  whether  thermal  and  non-thermal  acute  high-powered  microwave  (HPM) 
radiations  (2,45  GHz)  at  3.0  and  1.5  W  respectively,  and  also  after  repeated-acute  radiation  exposure. 

2.  Material  and  Methods 

2.1.  Animals  and  Experimental  Procedure 

16  female  Sprague-Dawley  rats  were  exposed  to  a  HPM  radiation  (2.45  GHz)  by  using  a  GTEM250 
commercial  chamber.  Rats  were  assigned  to  one  of  this  two  treatment  groups:  Acute  and  Chronic.  “Acute 
group”  rats  were  radiated,  only  one  time,  at  1.5  w  or  3.0  w,  for  30  minutes,  and  “Chronic  group”  rats 
were  exposed  to  repeated  acute  HPM  at  3.0  w  for  30  minutes  during  10  sessions  (1  per/day)  (see  Table  1). 


Table  1.  Radiated  Experimental  Groups 


Group 

Microwave 
Power  (watts) 

Time  Exposure 
(minuts) 

Time 

Postradiation 

Repeated  Sesions  (days) 

Acute 

(n=16) 

1,5  (n=8) 

30 

90  m 

— 

30 

24  h 

— 

3  (n=8) 

30 

90  m 

— 

30 

24  h 

— 

Chronic 

(n=4) 

3  (n=4) 

30 

90  m 

10 

The  issuing  field  of  the  radiation  was  directed  toward  the  upper  left  leg.  Besides,  control-rats  were 
inmobilized  during  30  minutes  similar  that  radiation  animals,  but  not  exposured  to  radiation,  in  set  up  the 
same  time  (see  Table  2). 


Table  2.  Non  Radiated  Control  Groups 


Group 

Time  post-inmovilization 

N 

Control  Acute 

90  m 

5 

24  h 

5 

Control  Chronic 

90  m,  10  days 

4 

2.2-  Tissue  Preparation  and  Immunohistochemistry 

Rats  were  deeply  anesthetized  with  pentobarbital  sodium  and  then,  they  were  perfused  transcardially 
with  hepariniced  physiological  saline  followed  by  a  solution  of  4%  parafolmaldehide  in  fosfate  buffer,  90 
minutes  (m)  and  24  hours  (h)  postradiation  in  acute  group,  and  90  m  post  radiation  in  chronic  group. 
Following,  rats  were  sacrificed,  their  brains  were  immediately  removed  and  cryoprotected  in  sucrose  for 
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approximately  24  hours.  Subsequently,  brains  were  frozen  and  cut  into  40  p  coronal  sections  using  a 
cryostat.  These  sections  were  processed  using  immunohystochemical  techniques  for  demonstrating  HSP- 
90  expression. 

Finally,  we  evaluated  HSP-90  positivity  under  an  optic  microscope  Nikon  Eclipse  E2000  in  12  selected 
encephalic  anatomical  areas  which  nomenclature  are  from  Paxinos  and  Watson:  Hypothalamus  (nucleus 
periventricular,  PV;  nucleus  paraventricular.  Pa;  Lateral  of  Hypothalamus,  LH  and  nucleus  Arcuate,  Arc), 
Hippocampus  (Dentaty  Gyms,  DG;  CA1,  CA2  and  CA3)  and  Cortex  (frontal,  Fr;  parietal.  Pari;  piriform, 
Pir  and  entorhinal,  Ent).  We  compared  acute  and  chronic  radiated  groups  with  their  respective  control- 
rats. 

3.  Results  and  Discussion 

3.1  HSP-90  Expression  in  Acute  1.5  W  Group 

90  minutes  after  HPM  exposure  resulted  in  increases  HSP-90  expression  in  all  studies  anatomical  rat 
brain  areas  respect  control,  except  PV  of  hypothalamus,  where  expression  was  similar  to  controls-rats. 
This  expression  still  remained  high  after  24  hours  microwave  exposure  in  the  same  areas  except  in  LH 
where  the  expression  was  similar  to  controls  (see  Table  3).  HSP-90  expression  was  similar  in 
hippocampus  and  cortex  after  24  hours  than  after  90  minutes  post  radiation.  Several  studies  have  been 
observed  that  heat  shock  stress  produced  upregulation  throughout  the  brain  (Tynell  M,  1993;  Goldbaum 
O.  &  Ritchter-Landsberg,  2001),  however,  heat  shock  response  depends  on  different  factors,  such  as 
stress  stimulus,  and  little  is  known  about  HSP-90  response  to  microwave  at  2.45  GHz  in  the  brain  of  rats, 
thereby  we  cannot  compare  our  results. 


3.2  HSP-90  Expression  in  Acute  3.0  W  Group 

HSP-90  expression  in  90 'postradiation  group  was  greater  than  control-rats  in  subregions  of  hypothalamus 
(Pa  and  Arc)  and  hippocampus  (CA1,  CA2,  CA3).  The  PV  and  LH  expression  were  decrease  and  there 
were  not  different  with  controls  in  GD  and  cortex.  After  24  hours,  hsp-90  expression  increase  in  more 
areas  (nucleus  arcuatus,  hippocampus,  and  cortex),  however,  there  were  not  significant  changes  in  PV,  Pa 
and  LH  (see  Table  3). 


Tabla  3.  Expression  of  HSP-90  following  exposure  acute  power  (1.5  and  3  W)  microwave  radiations 
compared  with  control  groups. 

1.5  W 

3.0  W 

Anatomical  Areas 

Post-irradiation  time 

Post-irradiation  time 

90  m 

24  h 

90  m 

24h 

Hypothalamus 

PV 

— 

-/T 

i 

— 

Pa 

T 

T 

T 

— 

LH 

t 

— 

1 

— 

Arc 

t 

T 

T 

T 

Hippocampus 

DG 

TT 

TT 

— 

T 

CA1 

TT 

TT 

T 

T 

CA2 

TT 

TT 

T 

T 

CA3 

TT 

TT 

T 

T 

Cortex 

Fr 

TT 

TT 

— 

TT 

Pari 

TT 

TT 

— 

TT 

Pir 

TT 

TT 

— 

TT 

Ent 

TT 

TT 

— 

TT 

PV,  periventricular  nucleus;  Pa,  paraventricular  hypothalamic  nucleus;  LH,  lateral  hypothalamus;  Arc, 

arcuate  nucleus;  DG,  dentate  gyms;  Fr,  frontal  cortex;  Pari,  parietal  cortex;  Pir,  piriform  cortex;  Ent, 

entorhinal  cortex. 
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MHz  RADIATION  PRODUCES  CHANGES  IN  NEURONAL  EXPRESSION  OF 

HEAT  SHOCK  PROTEIN  (HSP-90) 
We  observed  than  brain  areas  exposed  to  3.0  W  power  microwave  radiation  are  as  much  stimulated  as 
brain  areas  exposed  to  1.5  W;  and  HSP-90  expression  at  3  W  even  was  decreased  with  respect  to  1.5  W 
acute  group  in  some  areas,  such  as  hypothalamus  and  cortex. 


3.3  HSP-90  Expression  in  Chronic  Group 

We  observed  that  HSP-90  expression  decreased  in  DG  of  hippocampus,  hypothalamus  (PV,  Pa  and  LH) 
and  piriform  and  entorhinal  cortex  (see  Table  4).  There  were  not  differences  in  Arc,  CA1,  CA2,  CA3  and 
frontal  and  parietal  cortex. 


Table  4.  Expression  of  HSP-90  following  repeated 

acute  exposure  to  high-power  microwave  radiations 

(3  W,  during  10  days)  compare  with  controls. 

Anatomical  Areas 

Hypothalamus 

PV 

a 

Pa 

i 

LH 

a 

Arc 

— 

Hippocampus 

DG 

i 

CA1 

— 

CA2 

— 

CA3 

— 

Cortex 

Fr 

— 

Pari 

— 

Pir 

i 

Ent 

i 

PV,  periventricular  nucleus;  Pa,  paraventricular 

hypothalamic  nucleus;  LH,  lateral  hypothalamus; 

Arc,  arcuate  nucleus;  DG,  dentate  gyrus;  Fr,  frontal 

cortex;  Pari,  parietal  cortex;  Pir,  piriform  cortex; 

|  Ent,  entorhinal  cortex. 

We  noted  that  the  less  stimulated  area  in  all  the  groups  corresponds  to  hypothalamus,  and  even  in  chronic 
group  the  expression  in  this  area  spreads  to  diminish.  Loones  and  cols.  (2000)  have  shown  that  HSP90  is 
most  abundant  in  hypothalamus,  preoptic  areas,  pons  and  medulla  in  the  central  nervous  system  of 
unstressed  mouse. 

Both  the  SAR  values  and  the  morphological  thermal- SAR  results  will  be  presented  on  the  poster,  at  the 
Symposium. 


4.  Conclusions 

Acute  high  power  (1.5  and  3.0  Watts)  2.45  GHz  microwave  radiation  produces  an  upregulation  heat 
shock  response  in  subregions  of  central  nervous  system.  Moreover,  we  observe  that  HSP-90  expression 
decrease  when  the  delivered  power  increases  in  animals  that  are  subject  to  acute  exposure.  Nevertheless, 
the  repeated  acute  exposure  causes  decrease  of  the  HSP-90  expression  in  hypothalamus  and  limbic  areas, 
whereas  keeps  unchanged  (compared  to  control  groups)  in  several  cortex  and  hyppocampal  areas. 
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Abstract 

Exposure  evaluation  to  radiofrequency  and  microwave  non-ionizing  radiation  of  both  general  public  and 
workers  is  considered  an  emerging  sector  in  environmental  and  safety  work  surveys.  Nevertheless,  radars  are 
typically  rarely  analyzed,  due  to  difficulties  in  measuring  such  kind  of  source,  but  also  inaccessibility  or  even 
secrecy  of  some  installations. 

Aim  of  this  study  was  to  analyze  the  emissions  of  a  meteorological  doppler  radar,  placed  in  the  Province  of 
Trento  (North  Italy),  working  in  C  band,  with  a  wavelength  of  about  5  cm  and  nominal  peak  power  of 250  kW. 

The  survey  involved:  i)  electric  field  monitoring  around  the  radar,  to  assess  the  general  public  and  operators 
exposure,  and  ii)  test  measurements  on  radar  functioning,  such  as  evaluation  of  the  antenna ’s  radiation  pattern. 
In  the  first  case  measurements  were  performed  with  electric  field  probe  and  spectrum  analyzer,  while  in  the 
second  case  only  with  spectrum  analyzer  in  far  field  conditions.  The  signal  was  characterized  both  in  frequency 
domain,  to  analyze  operating  frequency  and  frequency  stability’,  and  time  domain,  to  acquire  radiation  patterns 
in  the  principal  planes  as  well  as  pulse  duration  and  duty  cycle. 

The  obtained  results  are  compared  to  standard  limits,  with  particular  reference  to  the  EU Directive  2004/40/CE. 

Introduction 

Starting  from  the  1980s  radar  networks  have  become  extensively  used  in  meteorology  for  determining  the 
location  of  rain  and  storm  activity.  The  radar  under  analysis  is  one  of  the  North-Italian  network  and  consists  of  a 
DSWR-2500C  (EEC)  pulsed-doppler  radar,  which  means  that  it  is  not  only  capable  of  detecting  target’s  location 
(bearing,  range,  and  altitude),  but  also  measuring  its  velocity.  In  particular,  velocity  is  determined  by 
transmitting  many  radar  pulses  towards  each  target  (hydrometeor  in  this  specific  case)  over  a  very  short  period  of 
time,  and  thus  measuring  relative  target  movement  between  each  pulse.  The  frequency  in  which  the  pulses  are 
emitted  are  usually  referred  to  as  Pulse  Repetition  Frequency  (PRF).  The  radar  operates  at  5.8  GHz  (C-band), 
with  a  wavelength  of  5.5  cm;  its  nominal  peak  power  is  250  kW,  thus  guaranteeing  a  coverage  range  of  about 
120  km. 


Radar  Doppler 
DWSR  2500  C  (EEC) 

C-Band  (X=5.5  cm) 

HPBW  0.9° 

Peak  Power  250  kW 
Coverage  120  km 
15  elevations 


Monte  Macaion 
Weather  Radar 
1900  m  asl 


Figure  1: 

Location  and 
main  technical 
specifications 
of  the  weather 
radar  system 
under  analysis 
(Northern 
Italy). 
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The  weather  radar  systems  are  generally  designed  and  located  to  ensure  that  power  densities  that  humans  could 
be  exposed  to,  fulfil  the  exposure  limits.  In  order  to  assess  this,  measurements  have  to  be  carried  out  when  the 
system  is  installed  and  operating  in  fully  functioning  conditions. 

In  particular,  the  two  principal  aspects  investigated  in  this  work  were: 

-  the  electric  field  values  monitoring  in  the  proximity  of  the  radar  (in  near  field  conditions),  in  order  to  assess 
the  exposure  of  both  population  and  maintenance  workers.  Besides  the  radar  personnel,  exposed  people  could 
be  only  hikers,  considering  that  in  the  area  neither  residential  buildings  nor  commercial  concerns  are  present. 

-  the  measurement  of  the  antenna’s  radiation  pattern,  being  this  latter  crucial  to  predict  the  far  field  exposure.  It 
is  worth  noting  that  the  radar  is  located  at  a  high  altitude  (1900  m  a.s.l.),  which  permits  a  good  extension  of 
its  horizons,  otherwise  limited  by  the  mountainous  orography.  Therefore,  the  closest  built-up  areas  are  out  of 
the  radar’s  optical  visibility,  whilst  those  areas  satisfying  this  condition  are  several  kilometres  far  form  the 
source,  and  at  a  significantly  lower  altitude. 

In  the  first  case,  both  the  broadband  electric  field  sensor  and  the  spectrum  analyser  were  used  in  proximity  of  the 
radar.  Conversely,  in  the  second  case  measurements  were  performed  on  a  mountain  15  km  south  of  the  radar’s 
location,  since  this  ensured  at  the  same  time  the  fulfilling  of  the  far  field  conditions  (at  a  distance  from  the 
emitter  larger  than  700  meters),  the  good  optical  visibility,  as  well  as  a  higher  altitude  (necessary  for  the 
characterisation  of  the  antenna’s  lobe  along  the  vertical  direction).  In  this  case  only  the  spectrum  analyser  with 
the  suitable  antenna  was  used. 

Afterwards,  the  results  of  the  radioprotectional  survey  were  compared  to  the  limits  provided  by  the  EU  Directive 
2004/40/CE  on  workers’  exposure  to  electromagnetic  fields  [1],  to  the  thresholds  reported  by  the  ICNIRP  [2] 
referred  both  to  general  public  and  workers,  and  also  with  the  limits  imposed  by  the  national  Italian  law 
concerning  general  public  exposure  [3]. 


Site  Description 

The  site  housing  the  radar  system  lies  on  the  top  of  a  mountain  (Monte  Macaion,  1865.5  m  a.s.l.;  longitude 
WGS84:  11°12’32.6”,  latitude  WGS84:  46°29’35.7”),  characterised  by  a  ridge  gently  descending  towards  west 
and  by  a  rocky  vertical  front  in  east  direction.  The  radar  is  mounted  on  a  metallic  tower  10  m  high,  with,  at  its 
bottom,  two  shelters  housing  the  electronic  equipment  connected  to  the  antenna.  The  radiating  system  consists  of 
a  4.27  m  diameter  paraboloid  antenna  installed  on  a  motorised  pedestal,  which  enables  orientations  along 
whatever  azimuth  angles  and  elevations  from  -2°  and  90°.  Moreover,  the  antenna  is  covered  by  a  6.25  m 
diameter  glass-reinforced  plastic  radome  (Figure  2). 


weather  redoubt  panoramic  point 

radar  (point  2)  (point  3) 


Figure  2: 

The  Monte  Macaion 
summit,  housing  the 
weather  radar. 
Measurement  points 
2  and  3  are  also 
indicated. 


In  east  direction  with  respect  to  the  radar’s  tower  there  are  some  ruins  and  a  redoubt,  whose  roof  represented  the 
highest  measurement  point  of  the  area.  Proceeding  a  few  tens  of  meters  in  north-east  direction,  the  terrain  is 
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gently  descending  and  without  trees,  forming  a  panoramic  site  rather  frequented  by  hikers,  especially  during  the 
summertime.  About  350  m  in  160°  north  direction  there  is  another  hill,  at  the  same  level  of  Monte  Macaion, 
housing  several  broadcast  antennas  which  contribute  to  the  overall  RF  exposure  level  in  this  area. 

Measurement  points,  instruments  and  technique 

The  measurement  points  for  radioprotectional  purposes  were  chosen  at  ground  level  and  providing  that  optical 
visibility  of  the  source  was  satisfied.  In  the  absence  of  such  a  condition-even  when  the  sight  was  obstructed  only 
by  leafy  branch-a  so  considerable  attenuation  of  the  field  was  indeed  registered,  that  exposure  levels  became 
insignificant  from  a  radioprotectional  point  of  view.  The  reason  of  such  behaviour  could  be  easily  found  in  the 
highly  absorptive  character  of  high  water  content  media  in  the  microwaves  frequency  range. 

Four  different  measurement  points  were  chosen: 

1.  The  radar  equipment  room,  where  personnel  stands  occasionally.  The  measurements  were  carried  out  with 
the  radar  in  operating  conditions,  in  order  to  assess  possible  dispersions  from  the  cases  containing  the 
generation  apparatuses. 

2.  The  roof  of  the  redoubt  visible  in  Figure  2,  as  it  is  an  interesting  and  comfortable  place  to  stay  for  hikers, 
which  also  corresponds  to  the  closest  approaching  point  to  the  emission  beam  of  the  paraboloid  antenna. 
During  the  measurements  the  most  conservative  conditions  for  the  exposure  were  reproduced,  by  choosing  an 
elevation  of  -2°  and  keeping  an  azimuth  angle  fixed  along  the  receiving  antenna  direction.  It  is  worth 
mentioning  that  such  angle  choices  are  not  likely  in  normal  operating  conditions.  In  particular,  the  chosen 
elevation  value  produces  images  highly  disturbed  by  orography  and  the  fix  azimuth  angle  is  meaningless  for 
meteorological  purposes,  even  though  manually  selectable.  In  correspondence  of  this  point  the  difference  in 
height  between  the  electric  centres  of  the  antennas  (receiving  antenna  and  radar)  was  7  m,  their  distance  was 
30  m  in  30°  north  direction,  and  the  radar  observation  angle  was  +10°. 

3.  The  panoramic  site  (see  Figure  2)  in  north-east  direction  from  the  radar.  In  this  case  the  difference  in  height 
between  the  electric  centres  of  the  antennas  was  13  m,  their  distance  was  about  80  m  in  40°  north  direction, 
and  the  radar  observation  angle  was  +9°. 

4.  The  summit  of  the  mountain  Monte  Roen,  14.9  km  far  from  the  radar.  Its  altitude  is  2065.5  m  a.s.l.,  that  is 
200  m  higher  than  the  Monte  Macaion;  its  longitude  WGS84  is  ini’ 12.6”,  its  latitude  WGS84  46°21’41.8”. 
The  receiving  antenna  was  placed  3  m  above  the  ground,  thus  resulting  in  a  difference  in  height  of  about 
195  m  between  the  electric  centres  of  the  antennas.  The  radar  could  see  this  point  setting  a  theoretical 
azimuth  value  of  185.1°  north  with  an  elevation  equals  to  +0.75°. 

The  measurements  were  performed  by  using: 

-  a  spectrum  analyser  Agilent  Technologies  ESA-E4407B,  which  operates  in  the  frequency  range  100  Hz-26 
GHz; 

-  a  doubled  ridge  horn  antenna  EMCO  3115,  linearly  polarised  and  operating  in  the  frequency  range  1-18 
GHz; 

a  power  density  sensor  General  Microwave  RAHAM  (RAdiation  HAzard  Meter),  Model  495.  It  features  a 
six  minute  power  density  averaging  function  which  automatically  computes  and  displays  the  average 
exposure  measurement  over  the  six  minute  period  as  required  by  safety  standards; 

an  isotropic  E-field  probe  General  Microwave  Model  94,  operating  in  the  frequency  range  200  kHz-40  GHz 
and  characterised  by  a  wide  dynamic  range  of  46  dB  (from  0.005  to  200  W/m2,  or  correspondingly  from  1.37 
to  274  V/m). 

Being  the  radar  signal  composed  by  a  succession  of  pulses,  each  of  which  lasts  about  1/1000  of  the  time 
occurring  between  one  pulse  and  the  successive,  the  linearity  of  the  response  of  the  broadband  sensors  was 
initially  checked.  This  was  performed  at  the  ITC-irst  laboratory,  before  any  measurement  on  site.  The 
instruments  used  in  this  case  were: 

a  pulse  generator  (Philips  PM5705)  0.1  Hz-10  MHz; 
a  voltage  variable  attenuator  (Mini  Circuits  ZFAS-15); 

-  a  synthesised  RF  generator  (HP8660C)  from  10  kHz  to  2600  MHz; 

-  a  high  power  RF  amplifier  (PST-BHE,  500W); 

-  a  biconical  antenna  (EMCO  3109); 

In  particular,  the  attenuator  received  the  signal  from  the  two  generators  (RF  and  pulse),  mixing  them  into  a  new 
“composed”  signal  which  was  then  amplified  and  used  to  feed  the  biconical  antenna,  placed  in  an  anechoic 
chamber  (Siemens-Matsushita).  In  this  way,  in  the  proximity  of  the  antenna,  pulses  with  E-field  peak  values  of 
hundreds  of  V/m  and  a  duty  cycle  typical  of  the  radar  (1/1000)  were  obtained.  In  these  conditions,  the 
satisfactory  linearity  of  the  sensor  RAHAM  495  with  its  probe  94  was  verified,  at  least  up  to  values  of  about  10 
V/m,  corresponding  to  E  peak  values  of  320  V/m.  This  led  to  the  conclusion  that,  in  the  aforesaid  E  field  range, 
the  displayed  value  actually  corresponded  to  the  time-averaged  field  and  the  sensor  was  hence  suitable  for  on¬ 
site  radar  signal  measurements. 
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The  electric  field  measurements  for  radioprotectional  purposes  were  generally  performed  by  the  only  use  of  the 
broadband  sensor,  with  the  exception  of  point  2,  which  was  analysed  also  in  narrow  band  with  spectrum  analyser 
and  horn  antenna.  In  correspondence  of  point  4  (far  field)  the  only  narrow  band  characterisation  was  instead 
performed. 

While  operating  with  the  broadband  sensor,  it  was  placed  at  the  three  different  heights  (1.1,  1.5  and  1.9  m  above 
the  ground)  prescribed  by  the  Italian  CEI  211-7  guide  [4],  Considering  the  fact  that  the  radar  was  remotely 
controlled,  pointing  the  antenna  towards  the  measurement  point  and  keeping  constant  the  signal  emission 
conditions,  the  results  obtained  with  the  two  operational  modes  ‘Normal’  (for  direct  reading  of  power  density) 
and  ‘Average’  (for  computing  the  average  power  density  over  a  six  minute  period)  were  equivalent.  In  fact,  this 
assumption  neglected  the  possible  magnetron  power  fluctuations,  but  these  were  found  to  be  insignificant  with 
respect  to  those  characteristic  of  the  measurement  point  itself,  such  as  the  unpredictable  signal  scattering  due  to 
the  foliage  waving  in  the  breeze.  Consequently,  the  ‘Normal’  mode  was  used,  which  refreshed  the  power  density 
values  every  1 .5  s. 

The  measurements  with  spectrum  analyser  were  carried  out  in  time  domain  (zero  span),  in  peak  detection  mode 
and  selecting  a  resolution  bandwidth  of  5  MHz,  in  order  to  filter  as  little  as  possible  the  impulsive  nature  of  the 
signal.  Furthermore,  the  chosen  sweep  time  (20  ps)  was  the  shortest  selectable  for  the  acquired  points  number. 
The  signal  was  acquired  in  max-hold  mode,  which  provides  the  envelope  of  all  the  maxima  observed  during  the 
acquisition  time,  so  that  the  snapshot  of  each  pulse  was  frozen  on  the  display  as  soon  as  it  appeared  in  the 
measurement  time  window. 

The  horn  antenna  was  placed  with  its  electric  centre  at  1.5  m  above  the  ground,  in  conformity  with  the  CEI  211- 
7  guide  [4]  prescriptions.  The  polarisation  of  the  antenna  was  horizontal,  like  that  of  the  radar.  During  the 
measurements,  the  neglectability  of  the  vertical  component  of  the  signal  was  also  assessed:  while  in  optical 
visibility  of  the  radar,  it  always  remained  15-20  dB  lower  than  the  horizontal. 

Finally,  the  measurements  performed  in  correspondence  of  point  4  (Monte  Roen,  14.9  km  far  from  the  radar) 
were  carried  out  with  the  only  use  of  the  spectrum  analyser,  following  the  same  set-up  just  described,  with  some 
variations/additions.  In  particular: 

-  the  horn  antenna  was  placed  at  the  highest  possible  height  (3  m)  on  the  roof  of  an  off-road  vehicle,  in  order  to 
minimise  the  contribution  of  signals  scattered  from  the  ground; 

-  measurements  were  carried  out  also  in  the  frequency  domain,  setting  a  10  MHz  span,  in  order  to  characterise 
the  magnetron  frequency  as  well  as  the  pulse  duration; 

some  measurements  were  devoted  to  the  assessment  of  the  PRF  (Pulse  Repetition  Frequency),  by  using  the 
same  settings  described  before  (zero  span),  but  with  longer  sweep  times  (up  to  10  ms); 

-  the  radiation  pattern  measurements  were  performed  with  the  same  settings,  but  making  use  of  much  longer 
sweep  times  (up  to  100  s),  in  order  to  cover  the  complete  azimuth  revolution  time.  Consequently,  the  number 
of  acquired  points  per  sweep  was  much  higher  than  before  (up  to  3600  points),  in  order  to  obtain  a  good 
angular  resolution; 

-  the  radiation  pattern  in  the  vertical  plane  was  determined  in  a  similar  way.  In  this  case,  the  radar  azimuth 
angle  was  set  as  that  maximising  the  radiation  in  correspondence  of  the  measurement  point;  afterwards,  the 
radar  was  made  scan  vertically,  covering  an  overall  amplitude  of  21°  (from  -1°  to  +26°). 

Results 

It  is  well  known  that  regulations  in  general  define  different  limit  for  general  public  and  occupational  exposure. 
Moreover,  some  of  them  refer  explicitly  to  only  one  of  these  categories:  either  the  general  public  (like  for 
example  the  Italian  law  DPCM  8  July  2003  [3])  or  the  workers  (like  for  example  the  European  Directive 
2004/40/EC  [1]).  Regarding  the  general  population,  both  the  Italian  law  and  the  ICNIRP  [2]  limits  were  taken 
into  account  in  the  present  work.  In  the  first  case,  the  E-field  limit  imposed  in  the  frequency  range  under  analysis 
is  40  V/m,  expressed  as  rms  value,  which  must  not  be  exceeded  in  any  case.  The  same  law,  as  a  cautionary 
measure  to  protect  against  any  possible  long-term  effects,  adopts  a  more  conservative  ‘attention  value’  of  6  V/m 
in  correspondence  of  children’s  playgrounds,  residential  dwellings,  school  premises  and  in  general  in  those  areas 
where  people  could  stay  for  4  hours  or  more  per  day,  as  well  as  in  outdoor  annexes  that  may  be  used  as 
residential  environments,  such  as  balconies,  terraces,  courtyards,  but  excluding  roof  pavings.  Therefore,  this 
second  limit  was  suitable  only  for  residential  buildings,  far  from  the  radar  source.  Both  these  values  must  be 
averaged  over  any  six-minute  period  in  an  area  equivalent  to  the  vertical  cross-section  of  the  human  body 
Yet  while  the  Italian  Law  does  not  discriminate  between  pulsed  and  not-pulsed  sources,  the  ICNIRP  guide 
establishes  a  peak  value  limit  for  the  pulse,  which  must  not  exceed-in  the  considered  spectrum  range-1000  times 
its  average  value  in  terms  of  density  power  (S).  Another  aspect,  which  is  taken  into  account  in  the  ICNIRP  guide 
while  is  lacking  in  Italian  regulation,  concerns  the  safeguard  from  annoying  auditory  effects,  possibly  caused  by 
a  thermoelastic  interaction  in  the  auditory  cortex  of  the  brain  [5,  6,  7].  In  order  to  avoid  the  onset  of  such  kind  of 
effect,  the  ICNIRP  guide  fixes  a  limit  on  the  Specific  Absorption  (SA-energy  per  mass  unit),  which  is  however 
impossible  to  assess  directly,  being  it  related  to  quantities  internal  to  the  body.  In  addition,  the  guide  indicates  a 
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threshold  for  perception  of  about  100-400  mJ  m"2  for  pulses  of  duration  less  than  30  ps  at  2.45  GHz 
(corresponding  to  an  SA  of  4-16  mJ  kg'1).  However,  other  publications  identify  more  conservative  values:  a 
threshold  of  20  mJ  m"2,  always  for  pulses  of  duration  less  than  30  us,  is  stated  in  [8],  while  in  [9]  RF  hearing  has 
been  reported  also  for  energy  density  per  pulse  values  lower  than  90  mJ  m'2  for  pulse  widths  from  3  to  5000  us. 
Furthermore,  the  Australian  Radiation  Protection  and  Nuclear  Safety  Agency  in  its  Standard  [10]  establishes,  on 
the  basis  of  the  considerations  exposed  in  [1 1],  a  limit  for  the  spatial  peak  SA  of  2  mJ  kg"1  (for  general  public) 
and  10  mJ  kg"1  (for  workers)  in  the  head  within  any  50  ps  interval. 

On  the  other  side,  regarding  the  occupational  exposure,  there  is  not  a  specific  Italian  regulation,  so  that  the 
normative  reference  has  been  the  European  Directive  2004/40/EC,  which  assumes  in  its  turn  the  same  limits 
established  by  the  ICNIRP  guideline  for  the  workers. 

Summing  it  up,  the  limits  taken  into  account  in  this  work  were: 

-  Electric  field:  40  V/m  (averaged)  for  the  general  public-DPCM  8  July  2003; 

1952  V/m  (61  V/m  x  32),  as  peak  value,  for  the  general  public-ICNIRP; 

137  V/m  (averaged),  for  the  workers-ICNIRP  and  2004/40/EC; 

4384  V/m  (137  V/m  x  32),  as  peak  value,  for  the  workers-ICNIRP  and  2004/40/EC 

-  Energy  density  per  pulse:  20  mJ  m'2 

Finally,  the  compliance  with  the  ‘attention  value’  of  6  V/m  of  the  DPCM  8  July  2003  were  also  verified,  in 
correspondence  of  the  residential  places  at  far  distance  from  the  radar  but  in  optical  visibility  of  it.  Considering 
the  minimum  elevation  of  the  radar  (equals  to  -2°),  at  least  10  km  are  necessary  to  the  radar  beam  for  reaching 
the  altitude  of  the  closest  villages  (1500  m  a.s.l). 

In  evaluating  the  electric  field  values,  conservative  hypotheses  were  applied,  in  order  to  eventually  overestimate 
the  field.  Similarly,  during  the  measurements,  conservative  parameters  were  adopted.  For  instance,  it  is 
customary  to  estimate  the  electric  field  in  the  antenna  boresight  (which  extends  up  to  0.2  D2/A,  =  70  m)  with  its 
time-averaged  value,  without  taking  count  of  its  angular-averaged  value  due  to  its  rotation.  Assuming  this,  it  is: 


jz0  P  dc 
\  jiD2/4 


=  78.6  V/m 


where  Z0  (377  O)  is  the  free  space  characteristic  impedance,  dc  is  the  duty  cycle  (conservatively  chosen  as 
0.00094),  D  is  the  paraboloid  diameter  (4.27  m)  and  P  is  the  nominal  peak  power  (250  kW).  This  averaged  E- 
field  intensity  corresponds  to  a  peak  value  of  2563  V/m.  The  energy  density  per  pulse  values  are  equal  to  6.9, 
13.9  and  34.8  mJ/m2  for  the  three  considered  kinds  of  pulses,  corresponding  to  the  ‘velocity’  mode  the  first  two 
and  to  the  ‘intensity’  mode  the  last  one. 

From  these  results  it  follows  that  in  the  antenna  boresight  (cylinder  which  base  corresponds  to  the  paraboloid 
aperture  and  with  an  height  of  70  m)  a  worker  could  occasionally  stay  in  safety  conditions  according  to  the 
Directive  2004/40/EC  and  the  ICNIRP,  but  with  a  possible  auditory  effect  (perceived  as  a  noise  at  250  Hz)  in  the 
‘intensity’  mode.  Furthermore,  no  site  in  the  antenna  boresight  is  accessible  to  the  general  public,  whilst  the  only 
site  accessible  to  the  workers  is  the  platform  (with  parapet)  surrounding  the  antenna  radome. 

Considering  the  first  kilometre  from  the  radar,  only  the  broadcast  towers  in  south  direction  could  be  interested  by 
considerable  exposure  levels.  However,  owing  to  the  minimum  elevation  value  of  -2°,  the  radar  beam  could  only 
approach  them  from  above,  so  that  only  maintenance  workers  who  should  climb  them  could  be  exposed  to  the 
radar  primary  radiation  lobe.  In  this  condition,  neglecting  again  the  radar  rotation  (thus  representing  the 
conservative  but  unlikely  condition  of  fixed  azimuth  at  160°N  and  elevation  of  -2°),  the  electric  field  can  be 
estimated  as: 


J30  P  dcGn 

E  =  — - —  =  4i5  v/m 

d 

where  30  =  377/(4ji),  Gn  represents  the  numeric  antenna  gain  that  is  about  30000,  d  is  the  distance  (radar- 
broadcast  towers)  equals  to  350  m.  Should  the  angular  average  be  taken  into  account,  this  would  introduce  a 
further  multiplying  factor  of  360"1/2  =  0.053,  which  would  make  decrease  the  obtained  value  to  about  2.2  V/m. 
Therefore,  even  maintenance  personnel  potentially  working  on  the  towers  facing  the  radar  would  operate  in 
safety  conditions  accordingly  to  ICNIRP  and  EU  Directive. 

While  these  exposure  points  were  characterised  only  from  a  theoretical  point  of  view,  those  accessible  to  general 
public,  as  well  as  the  equipment  room  (as  described  in  the  third  paragraph),  were  instead  actually  measured.  In 
particular,  Table  1  refers  to  the  results  obtained  in  correspondence  of  point  2,  where  measurements  were  carried 
out  both  in  broad-  and  narrow-band.  Taking  into  account  the  different  measurement  techniques  (in  the  first  case 
three  values  at  different  heights  were  acquired,  each  of  which  represented  the  6-minute  average  value;  in  the 
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second  case  one  only  intermediate  height  was  considered  and  the  acquisition  was  detected  in  peak  mode),  the 
difference  between  the  two  obtained  values  (1.2  dB)  is  widely  justified. 


Table  1:  Electric  field  measurements  in  correspondence  of  point  2  (redoubt’s  roof).  On  the  left  the  results 
obtained  averaging  the  values  acquired  for  the  three  heights,  by  using  the  broadband  RAHAM  sensor, 
are  presented,  while  on  the  right,  those  obtained  with  the  spectrum  analyser.  The  picture  in  the  middle 
displays  the  acquired  spectrum:  the  three  different  peaks  are  due  to  the  max-hold  operating  mode,  and 
refer  to  different  repetitions  of  the  radar  signal. 


in  correspondence  of  the  remaining  measurement  points,  the  sensitivity  limit  (0.5  |iW/cm2)  of  the  sensor  was 
never  reached,  which  means  that  the  electric  field  kept  lower  than  1.37  V/m 

The  other  set  of  measurements  performed  were  devoted  to  the  characterisation  of  the  radar  antenna  radiation 
pattern  in  far  field  conditions.  The  horizontal  plane  pattern  (alongside  the  azimuth  angle)  was  acquired  by 
making  the  antenna  rotate  with  an  angular  velocity  of  5°/s  and  by  setting  the  spectrum  analyser  in  zero  span 
mode  with  a  sweep  time  suitable  to  cover  a  complete  turn.  Figure  3  shows  the  part  of  the  diagram  concerning  the 
angular  range  from  -40°  to  +40°  from  the  radiation  maximum,  acquired  at  1.1°  of  elevation.  In  the  remaining  part 
of  the  diagram,  the  electric  field  level  kept  about  40  dB  under  the  maximum  and  did  not  rise  in  correspondence 
of  either  the  back  lobe  or  possible  spillovers. 


degrees 

Figure  3:  Electric  field  diagram  by  varying  azimuth  angle  (horizontal  plane),  centred  in  the 
main  lobe. 
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Finally,  further  measurements  were  carried  out  to  better  characterise  the  main  lobe,  in  particular  determining  its 
amplitude  in  both  the  azimuth  and  elevation  directions.  The  knowledge  of  these  quantities  (0  e  9,  expressed  in 
radiant  and  calculated  at  -3  dB  from  the  maximum)  enables  to  determine  the  antenna  gain  (Gn),  on  the  basis  of 
the  formula: 

Gn  =  ji2/(0<p) 

which  assumes  a  gaussian  profile  of  the  main  lobe.  The  data  acquired  for  different  elevation  values  are  shown  in 
Figure  4  together  with  the  parabola,  which  represents  the  fit  using  a  quadratic  regression.  Being  the  ordinate  axis 
in  logarithmic  scale,  the  curve  would  correspond  to  a  gaussian  trend  in  linear  scale,  thus  confirming  the 
suitability  of  the  previous  formula  in  determining  the  antenna  gain. 

The  0  e  9  angles  obtained  from  the  diagrams  are  0.93°  (azimuth)  and  1.14°  (elevation),  thus  giving  a 
Gn=44.85  dB.  This  value  is  very  close  to  that  provided  by  the  manufacturer:  45  dB. 


Figure  4: 

Characterisation  of  the  main  lobe  by 
varying  the  elevation  (vertical 
plane).  Points  represent  the  acquired 
data,  while  the  parabola  is  the  fit 
obtained  by  using  a  quadratic 
regression. 


Furthermore,  the  peak  amplitude  is  verifiable  by  means  of  the  following  analytical  formula,  valid  in  far  field 
condition: 


J30PG 

E  [dBpV/m]  =  120  +  20  log10  ^ - -  =  150.28  dBpV/m 

d 

where  P  is  the  nominal  peak  power  (2.5  105  W),  Gn  is  the  numerical  gain  of  the  antenna  and  d  is  the  distance 
(1.49  104  m).  The  comparison  between  this  result  and  the  actually  measured  value  (with  spectrum  analyser,  in 
peak  mode  detection)  shows  a  discrepancy  of  2  dB,  with  measured  values  exceeding  those  estimated.  Flowever, 
some  considerations  have  to  be  taken  into  account: 

-  the  directivity  of  the  radar  antenna  is  so  high  that,  even  at  a  long  distance,  the  electric  field  peak  values  are 
important.  For  instance,  at  15  km  distance  E=30  V/m,  which  however  corresponds  to  1  V/m  provided  it  is 
time-averaged; 

also  in  this  case  the  radar  beam  was  intentionally  pointing  the  measuring  point,  without  rotating.  In  realistic 
operating  conditions,  the  radar  is  continuously  rotating,  so  that  further  reduction  factors  representing  its 
movement  both  in  the  horizontal  and  vertical  planes  should  be  added. 

As  a  consequence,  it  is  possible  to  confirm  that,  even  in  correspondence  of  the  residential  places  satisfying  the 
optical  visibility  requirement  and  considering  direct  pointing  of  the  radar  beam  over  them,  also  the  ‘attention 
value’  (6  V/m)  of  the  Italian  law  would  be  fulfilled. 

Conclusions 

Regarding  both  the  measurements  and  the  theoretical  estimation  of  electric  field  for  radioprotectional  purposes, 
all  sites  taken  into  consideration  in  the  present  work  met  the  requirements  of  the  Italian  law  DPCM  8  July  2003 
(only  concerning  the  general  public),  even  considering  the  unlikely  and  highly  conservative  operating  conditions 
of  the  radar,  directly  and  constantly  pointing  to  the  measurement  point.  Moreover,  no  significant  RF  dispersion 
was  found  inside  the  equipment  room.  Also  the  exposure  conditions  of  the  maintenance  personnel  who  could 
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access  on  broadcast  towers  facing  the  radar  were  assessed-through  theoretical  estimations-to  comply  the  safety 
standards  for  the  workers  (ICNIRP  and  Directive  2004/40/CE),  even  in  case  of  direct  pointing  of  the  radar  beam 
towards  their  direction.  The  peak  exposure  thresholds  of  the  ICNIRP  and  Directive  2004/40/CE  are  fulfilled  as 
well,  as  the  multiplying  factor  to  introduce  for  the  continuous  exposure  corresponds  to  the  inverse  of  the  radar 
duty  cycle.  Even  the  possible  access  on  the  platform  surrounding  the  radar  radome  would  comply  the 
occupational  limits.  The  only  effect  which  could  be  observed  in  such  condition  (within  the  antenna  boresight),  as 
reported  in  literature  [8,  9],  is  the  onset  of  annoying  auditory  effects,  as  long  as  the  ‘intensity’  pulse  mode  had 
been  used.  The  antenna  boresight  is  reachable  by  workers  in  this  only  situation,  while  it  is  never  accessible  to  the 
general  public. 
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Abstract 

Recently,  epidemiological  studies  and  researches  have  proposed  a  relation  between  exposure  to  electromagnetic 
fields  (extremely  low  frequency,  ELF)  and  the  development  of  several  neurodegenerative  diseases  (WHO  and 
NRPT  progress  reports  12-4-2004).  This  has  stimulated  scientific  interest  to  verify  ELF  effects  on  different  life 
forms  (Repacholi  MH,  2003). 

We  have  analysed  the  effects  of  ELF  on  neuron-like  cell  lines  (PC12  and  SH-SY5Y),  glioblastoma  GL15  as  glial 
model  and  C2C12  myocytes  as  muscle  model,  focusing  our  attention  on  the  cellular  oxidative  stress  machinery. 
We  exposed  cell  cultures  to  50Hz  ELF  (0-lmT)  generated  by  a  solenoid  or  Helmholtz  coils  adapted  to  a  confocal 
microscope,  and  investigated  cell  proliferation,  ROS  production,  mitochondrial  membrane  potential,  antioxidant 
enzymatic  activities  (SOD,  Catalase,  GSH-Px,  etc). 

The  growth  curves  of  tested  cells  did  not  show  any  differences  between  ELF-treated  cells  towards  controls.  The 
presence  of  ELF  influenced  ROS  production  in  dependence  of  cell  phenotype  and  of  field  intensity.  Also 
mitochondrial  potential  as  well  as  antioxidant  enzymatic  activities  were  altered  by  ELF. 

These  results  show  that  ELF  modified  oxidative  stress  status  in  excitable  cells.  These  were  able,  in  different  way 
depending  on  their  biological  activity,  to  counteract  ELF  effects  and  to  adapt  themselves  without  altering  their 
proliferation  rate. 

Introduction 

In  1996,  the  World  Health  Organization  (WHO)  decided  to  start  a  world  program  named  “International 
Electromagnetic  Fields  (EMF)  Project”  regarding  potential  dangerous  health  effects  of  the  exposure  to  electric 
and  magnetic  fields  at  extremely  low  frequencies  (ELF-EMF).  Such  exposures  arise  mainly  from  the 
transmission  and  use  of  electrical  energy  at  power  frequencies  of  50/60  Hz.  The  International  EMF  Project  is 
scheduled  to  complete  its  health  risk  assessments  of  EMF  in  2007,  since  it  is  likely  that  current  and  proposed 
research  should  provide  sufficient  results  within  this  time  frame  to  allow  more  definitive  health  risk  assessments. 
While  the  enormous  benefits  of  using  electricity  in  every  day  life  and  health  care  are  unquestioned,  the  presence 
of  possible  inappropriate  effects,  or  health  consequence,  needs  to  be  clearly  identified.  The  results  of  research 
currently  available  are  often  contradictory  and  this  adds  to  people  confusion  and  lack  of  confidence  that 
supportable  conclusions  about  safety  can  be  reached. 

The  biological  effects  in  cell  lines  derived  from  different  modalities  of  ELF-EMF  exposures  have  been 
frequently  noted  but  the  basic  interaction  mechanism(s)  between  such  fields  and  living  matter  is  unknown  (Kavet 
et  al.,  2001;  Foster  KR,  2003).  Even  if  some  hypotheses  have  been  suggested,  none  of  these  is  adequately 
supported  by  experimental  data  (Repacholi  and  Greenebaum,  1999;  Preece  et  al.,  2000).  Various  cellular 
components,  processes,  and  systems  can  be  affected  by  ELF-EMF  exposure,  e.g.  cell  membrane  (both  internal 
and  external)  and  signal  transduction  pathways  (Czyz  et  al.,  2004),  cell  cycle  regulation  and  cell  proliferation 
and/or  differentiation  (Simko  and  Mattsson,  2004;  Frahm  et  al.,  2006).  Also  direct  or  indirect  DNA  damage  can 
be  measured  in  different  substrates  but  this  does  not  directly  lead  to  genotoxic  effects  (Villarini  et  al.,  2006; 
Stronati  et  al.,  2004).  If  the  biological  effects  induced  by  ELF-EMF  exposures  are  not  easy  to  understand,  the 
possible  physiological  effect  of  power  frequency  fields  is  still  a  hotly  debated  issue.  In  living  organisms,  above 
all  in  vertebrates,  some  tissue  constituted  by  excitable  cells  (neurons  and  muscle  fibres)  are  more  sensible  to  the 
presence  of  perturbation  of  electric  fields  present  around  their  cell  membranes  (Sieron  et  al.,  2004).  Some  recent 
papers  seem  to  confirm  this  assumption,  in  fact  short-time  exposure  (5  days)  to  ELF-EMF  radiations  showed,  by 
the  cytotoxic  glutamate  (Glu)  pulse  test,  a  30%  decrease  of  cell  survival  in  primary  neurons,  prepared  from 
newborn  rat  cerebellum  (Nikolova  et  al.,  2005)  and  ELF-EMF  exposure  of  neural  progenitor  cells  transiently 
affects  the  transcript  level  of  genes  related  to  apoptosis  and  cell  cycle  control  (Blackman  et  al.,  1993).  Also  “in 
vivo”  experiments  seem  to  confirm  the  peculiar  responsiveness  of  this  particular  cell  typology  to  ELF-EMF 
presence.  It  has  been  found,  in  fact,  that  ELF-EMF  exposure  for  14  days  (1  h  daily)  did  not  influence  the  level  of 
the  biogenic  amines  and  their  metabolites,  but  increased  the  rate  of  synthesis  of  DA  and  5-HT  in  rat  frontal 
cortex  as  compared  to  control  (Jenrow  et  al.,  1998).  Several  investigations  have  revealed  that  electrical  activity 
within  the  central  nervous  system  (CNS)  can  be  affected  by  exposure  to  ELF-EMF.  Many  of  these  studies  have 
concerned  CNS  structures  exhibiting  endogenous  oscillations  and  synchrony  as  optimal  sites  for  field  coupling. 
In  this  regard,  a  particularly  well  characterized  structure  is  the  rat  hippocampus  whose  rhythmic  slow  activities 
(necessary  to  some  pathways  of  memory  procedures)  are  exclusively  susceptible  to  field-mediated  perturbation 
suggesting  that  the  sensitivity  of  these  networks  to  ELF-EMF  exposure  may  be  really  significant  (Wolf  et  al., 
2005). 

In  conclusion,  the  various  modifications  measured  in  several  laboratories  utilizing  different  substrates  showed 
the  presence  of  real  biological  effects  (acute  and  chronic)  derived  from  ELF-EMF  exposure  even  if  not  without 
troublesome  questions,  these  responses  can  be  associated  with  detectable  changes  in  cell  physiology.  This  last 
consideration  suggests  that  somehow,  compensatory  mechanisms  at  the  translational  and  posttranslational  level 
could  exist. 

Also  for  this  reason,  it  is  necessary  to  suggest  the  hypothesis  regarding  a  possible  initial  cellular  event  affected 
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by  exposure  to  ELF-EMF,  an  event  which  is  present  in  a  large  number  of  effects  observed  as  consequence  of 
ELF-EMF  exposure.  Based  on  an  extensive  reviewed  literature,  Simko  and  Mattsson  (2004)  recently  suggested 
that  ELF-EMF  exposure  is  able  to  perform  such  activation  by  means  of  increasing  levels  of  free  radicals.  Such  a 
general  activation  is  compatible  with  the  diverse  nature  of  observed  effects.  Free  radicals  are  intermediates  in 
natural  processes  and  they  could  be  the  stimulus  to  induce  an  "activated  state"  of  the  cell  which  then  enhances 
the  release  of  free  radicals,  in  turn  leading  to  biological  events  such  as,  in  the  CNS,  an  inhibition  of  the  effects  of 
the  melatonin  release  and,  as  consequence  of  this,  an  alteration  of  biological  rhythms  or  the  deregulation  of  the 
neurotransmitter  synthesis.  In  general,  reactions  in  which  radicals  are  involved  become  more  frequent,  increasing 
the  possibility  of  DNA  damage  and  therefore,  to  an  increased  risk  of  tumour  development. 

The  purpose  of  this  paper  is  to  provide  information  about  the  effects  of  ELF-EMF  applied  to  excitable  cell  lines. 
In  particular,  we  focused  our  attention  on  the  generation  of  radical  oxygen  species  (ROS)  and  on  the  antioxidant 
system  correlated  with  “in  vitro”  cell  exposure  to  ELF-EMF  having  different  intensities  and  duration  using 
pheocromocytoma-  and  neuroblastoma-derived  cell  lines  (PCD  and  SFI-SY5Y  respectively)  as  neuronal  models, 
glioblastoma  GL15  as  glial  model  and  C2C12  myocytes  as  muscle  substrates. 

Results.  To  verify  if  the  “in  vitro”  cell  exposure  to  ELF-EMF  influences  cell  proliferation  rate,  the  cells  were 
grown  for  4-7  days  in  absence  (control)  or  in  presence  of  ELF-EMF  (0.1,  0.5,  l.OmT).  In  fig.  1  a  representative 
proliferation  curve  of  the  muscle  cell  line  C2C12  is  shown.  At  every  considered  intensities  the  proliferation  rate 
didn’t  show  any  significant  difference  in  regard  to  control  cells. 


C2C12  growth  curve 


—•—Control 

—  0.1  mT 

—  0.5  mT 

—  1.0  mT 


Fig.  1:  Proliferation  rate  in  C2C12  cell  line  exposed  0-7  days  at  different  ELF-EMF  intensities  (0.1,  0.5  and  1 
mT).  The  data  are  means±SEM,  n=8. 


In  Tab. I  we  have  reported  the  mean  values  of  cell  number/1000  ±  SEM  after  4  exposure  days  in  the  other  tested 
cell  lines.  The  PCD  cells  showed  a  very  slight  dose-dependent  increase  of  cell  number  (529.2±22.6  in  the 
controls  and  579.2±19.0  in  the  cell  exposed  to  1.0  mT),  while  the  SH-SY5Y  cell  line  didn't  show  any 
modification  and  the  GL15  cells  seemed  to  suffer  a  very  slight  decrease  after  4  days  at  1.0  mT  ELF-EMF. 


Proliferating  cells  (mean  of  the  cell  number/ 1000  ±  SEM  after  4  exposure 

days  in  growth  medium,  n  =  5) 

Control 

0.1  mT 

0.5  mT 

1.0  mT 

PC12 

529.2±22.6 

547.2±25.6 

569.0±27.6 

579.2±19.0 

SH-SY5Y 

887.0±49.6 

897.0±39.0 

857.5±33.6 

877.0±40.3 

GL15 

580.4±31.6 

550.7±47.8 

563.5±33.8 

504.5±43.8 

Tab.  I:  Cell  proliferation  of  three  cell  lines  (PCD,  GL15  and  SH-SY5Y)  after  4  days  exposure  to  ELF-EMF  of 
different  intensities  (0.1,  0.5  and  1  mT). 

To  summarize,  under  these  experimental  conditions,  the  ELF-EMF  exposure  didn't  show  a  single  significant 
effect  on  cell  proliferation  rate. 

A  possible  effect  of  the  exposure  to  electric  and  magnetic  fields  at  extremely  low  frequencies  could  be  an 
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increase  of  ROS  production  and,  as  one  consequence  of  this,  a  modification  of  mitochondrial  membrane 
potential.  To  check  if  the  exposure  to  ELF-EMF  could  induce  ROS  production,  SF1-SY5Y  and  GL15  cells  were 
exposed  to  ELF-EMF  (10-60  min)  and  ROS  production  was  assayed  (fig.  2).  The  data  obtained  show  that  in  both 
cell  lines  and  at  each  ELF-EMF  intensity  tested,  there  is  a  significant  increase  of  ROS  production  at  20  min  even 
with  a  quantitative  and  qualitative  different  time-course. 


SH-SY5Y  cells 


GL15  cells 


10  20  30  60 


min 

SH-SY5Y  cells 


10  20  30  60 


min 


I  Control 

10.1  mT 


I  Control 
1 0.5  mT 


I  Control 
11.0  mT 


GL15  cells 


min 

GL15  cells 


min 


I  Control 

10.1  mT 


I  Control 
1 0.5  mT 


I  Control 

11.0  mT 


Fig.  2:  ROS  production  analysed  on  cell  populations.  The  ROS  production  was  measured  using  DCF 
fluorescence  emission  assayed  at  different  exposure  times  (10',  20',  30',  60')  and  different  ELF-EMF  intensities 
(0,1,  0,5  e  lmT).  Data  are  mean±SEM,  n=4;  *p<0.05,  **p<0.01  vs  control. 


Using  a  single  cell  approach  and  a  specific  fluorescent  dye  (JC-1),  we  monitored  mitochondrial  membrane 
potential  during  ELF-EMF  exposures  utilizing  a  confocal  microscope  equipped  by  Flelmholtz  coils.  Preliminary 
data  suggested  that  mitochondrial  membrane  potential  was  affected  by  l.OmT  ELF-EMF  on  the  cell  lines  tested. 
The  undaubted  increase  of  ROS  production  could  induce,  as  response,  an  activation  of  endogenous  antioxidant 
system.  For  this  reason,  in  PC12  and  GL15,  we  tested  the  antioxidant  enzymatic  activities  (superoxide 
dismutase:  SOD,  glutathione  reductase:  GSSG-Rx,  catalase:  CAT,  glutathione  transferase:  GST,  glutathione 
peroxidase/Se-dependent:  GSF1-Px/Se+,  y-glutamylcysteine  synthetase:  yGCS)  after  3  days  l.OmT  ELF-EMF 
exposure.  As  shown  in  Fig.  3,  these  activities  varied  depending  on  the  cellular  typology  and  on  the  considered 
enzyme.  Each  cell  line  showed  a  peculiar  pattern  of  enzymatic  activities  probably  depending  on  their  biological 
activity. 
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Fig.  3:  The  antioxidant  enzyme  activities  (SOD, 
Catalase,  GST,  GSSG-Rx,  yGCS  and  GSH-PxSe+)  in 
different  cell  lines  (PC12  and  GL15)  exposed  to  1.0  mT 
ELF-EMF  for  3  days.  Data  are  mean±SEM,  n=4; 
*p<0.05,  **p<0.01  vs  control. 


To  complete  the  picture  of  the  antioxidant  system  in  GL15  cells,  the  levels  of  GSF1,  an  endogenous  antioxidant 
source,  were  measured.  The  levels  of  this  molecule  increased  in  GL15  cell  line  in  the  presence  of  ELF-EMF  (fig. 
4). 
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GL15  cells 


I  Control 
I  ELF 


Fig.  4:  The  GSH  total  levels  measured  in  GL15  cell  line.  Data  are  means±SEM,  n=4;  **  p<0,001. 


In  conclusion,  depending  on  their  intensity  (mT),  ELF-EMF  affected  the  oxidative  status,  but  the  cells 
counteracted  the  induced  increase  of  ROS  production  modifying  their  antioxidant  ability. 

Discussion.  One  mechanism  through  which  ELF-EMF  could  influence  neoplastic  development  is  the 
deregulation  of  cancer-related  genes  and,  in  particular  those  related  to  different  cyclins  and  cyclin-dependent 
kinases  which  are  deputy  to  control  cell  cycle  progression  and  cellular  proliferation.  The  results  of  our 
experiments  show  that  a  slight,  but  dose-dependent,  increase  of  proliferation  rate  was  observed  only  in  PC  12 
cells  after  exposure  to  ELF-EMF  with  graduated  intensities  (0. 1-1.0  mT).  This  result  is  only  apparently 
contradictory  compared  to  those  already  published  by  McFarlane  et  al  (2000)  which  reported  no  effect  on  cell 
proliferation  of  PC12  cells  exposed  to  4.5-15.8  microT  ELF-EMF.  In  addition,  during  our  experiments,  if  the 
intensity  of  ELF-EMF  was  lower  than  0.5  mT,  no  modification  in  cell  proliferation  was  noted.  In  the  other  cell 
types  no  variations  (SH-5YSY)  nor  a  significant  slight  decrease  (GL15)  after  4  days  of  exposure  to  the  highest 
ELF-EMF  intensity  (1.0  mT)  occurred.  From  these  results,  an  initial  consideration  comes  out:  the  effect  of  ELF- 
EMF  on  cell  proliferation  is  dependent  on  the  phenotype  of  cell  model  rather  than  on  a  direct  action  of  ELF- 
EMF  on  some  steps  of  cell  cycle  progression.  As  previously  demonstrated  by  Ross  in  the  90’s,  markedly 
different  effects,  ranging  from  inhibition  to  stimulation  of  proliferation,  were  obtained,  depending  on  the  signal 
parameters  (amplitude  and  frequency  of  ELF-EMF)  as  well  as  the  types  of  utilized  cell  substrate  (Ross  SM, 
1994).  This  fact  is  also  supported  by  somewhat  unclear  results  on  the  effect  of  the  ELF-EMF  on  stromal  stem 
cell  proliferation  (CFU-f);  in  fact,  CFU-f  from  female  mice  showed  a  reduction,  while  CFU-f  from  male  mice  no 
decrease  in  cell  proliferation  (Van  Den  Heuvel  et  al.,  2001). 

More  recently  Wolf  et  al  (2005)  showed  that  the  stimulation  of  proliferation,  as  well  as  the  presence  of  DNA 
damage,  was  noted  in  HL-60  leukemia  cells,  Rat-1  fibroblasts  and  WI-38  diploid  fibroblasts  exposed  for  24-72  h 
to  0.5-1.0-mT  ELF-EMF.  These  effects  were  prevented  by  pre-treatment  of  cells  with  an  antioxidant  like  alpha- 
tocopherol,  suggesting  that  redox  reactions  were  involved.  Accordingly,  the  cells  after  exposure  to  1.0  mT  ELF- 
EMF  exhibited  a  significant  increase  in  ROS  accumulation  which  was  decreased  by  addition  in  the  culture 
medium  of  an  adequate  scavenger  (Wolf  et  al.,  2005).  Also  under  our  experimental  condition  it  was  possible  to 
note  a  significant  increase  of  ROS  production  in  all  the  tested  cell  lines  even  with  a  different  qualitative  and 
quantitative  time-course.  Moreover,  also  “in  vivo”  experiments  seem  to  confirm  that  the  chronic  exposure  to 
ELF-EMF  is  able  to  generate  a  stress  oxidative  status  (Regoli  et  al.,  2005;  Harakawa  et  al.,  2005;  Yokus  et  al., 
2005).  In  addition,  the  presence  of  an  increase  of  ROS  production  is  also  indirectly  demonstrated  by  the  analysis 
of  the  enzymatic  pathways  involved  in  the  catalytic  removal  of  reactive  oxygen  species  accumulated  as  an  effect 
of  ELF-EMF  exposure.  The  “in  vitro”  experiments  reported  here,  as  well  as  the  results  derived  from  “in  vivo” 
techniques  (Lee  et  al.,  2004)  in  mouse,  show  that  the  presence  of  ELF-EMF  can  induce  a  variable  and  specie- 
specific  alteration  of  the  stress  oxidative  pathway. 


Summary 

In  vitro  experiments  performed  in  excitable  cell  lines:  SY-SY5Y,  GL15,  PC12  and  C2C12,  seem  to  indicate  that 
the  biological  response  (proliferation  rate)  to  ELF-EMF  (0.1-  1.0  mT)  exposure  strictly  depends  on  cell  model 
than  on  the  utilized  ELF-EMF  intensity  or  time  of  exposure.  However,  in  both  neuronal-like  and  glial-like  cell 
lines,  a  significant  increase  of  ROS  production,  with  a  different  time-course  in  each  cell  line,  was  detected.  This 
caused  the  enzymatic  detoxification  pathway  involvement.  In  conclusion,  even  if  further  studies  are  necessary  to 
identify  the  kind  of  ROS  produced  by  the  exposure  to  ELF-EMF,  we  propose  that  this  biochemical  substrate 
could  be  the  candidate  as  the  cellular  “primum  movens”  of  ELF-EMF  induced  effect  on  biological  systems. 
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Appendix 

Instrumentation.  The  50Flz  ELF-EMF  were  generated  by  two  different  devices:  a  solenoid  and  a  pair  of 
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Helmholtz  coils.  These  devices  were  planned  and  built  to  deliver  variable,  homogeneous,  sine-wave  alternate 
current  magnetic  fields  with  50  Hz  frequency  and  intensities  ranging  between  0. 1-1.0  mT±2%.  The  horizontal 
cylindrical  solenoid  (length=340mm,  diameter=l  13mm),  on  a  supporting  base,  was  supplied  by  a  power  supply 
Elgar  Electronics  (mod.  CW-801P).  The  solenoid  was  used  in  an  incubator  (5%  C02  and  37°C)  for  continuous 
long  time  cells  exposures  during  which  the  solenoid’s  eventual  added  temperature  was  negligible.  The  pair  of 
Helmholtz  coils  (r=445mm,  distance  between  coils=400mm),  producing  homogeneous  magnetic  field  over  the 
specified  volume -under-test  corresponding  to  the  cell  chamber  ,  were  located  in  the  working  zone  of  a  confocal 
microscope  and  connected  to  a  power  supply  Elgar  Electronics  (mod.  CW-1251P). 

Cell  culture.  C2C12  and  PC12  (American  Culture  Collection)  and  GL15  (functionally  characterized  in  our  lab, 
Mariggio  et  al  BMC  Physiology  1:4,  2001)  were  cultured  as  exponentially  growing  cells  in  growth  medium 
(GM).  The  GM  for  C2C12,  SH-SY5Y  and  GL15  contains  Dulbecco’s  modified  Eagle’s  medium  (DMEM),  10- 
20%  foetal  calf  serum  (FCS),  2-4  mM  L-glutamine  and  100  UI  mL'-lOO  pg  mL"1  Penicillin-Streptomycin.  The 
GM  for  PC12  cells  contains  RPMI  1640  with  5%  FCS  and  10%  horse  serum,  glutamine  and  antibiotics  as 
mentioned  above.  Reagents  for  cellular  culture  were  purchased  from  Gibco  (Paisley,  Scotland,  UK).  The  cells 
were  seeded  on  Petri  dishes  in  GM  and  sub-cultured  every  3  days  (C2C12  and  GL15)  or  weekly  (SH-SY5Y  and 
PC12)  (Mariggio  et  al,  BMC  Physiology  1:4,  2001;  Guarnieri  et  al.  Neuroscience  128:697-712,  2004; 
Pietrangelo  et  al.,  J  Physiol. 572(3):721-733,  2006).  We  exposed  cell  cultures  to  50Hz  ELF-EMF  (0-lmT) 
generated  by  a  solenoid  or  Helmholtz  coils  for  different  times  according  to  the  experimental  plane. 

Cellular  proliferation  was  tested  during  7  days  in  C2C12  and  4  culture  days  in  the  other  cell  lines,  using  the 
colorimetric  assay  of  3-[4,5-dimethylthiazol-2-yl]-2,5  diphenyltetrazolium  bromide  (MTT)  as  described  by 
Pietrangelo  et  al.  (J  Physiol. 572. 3:721-733,  2006). 

Mitochondrial  membrane  potential  measurements.  These  were  determined  using  a  carbocyanine  dye  JC-1 
(Molecular  Probes,  Eugene,  Oregon,  USA)  which  is  taken  up  by  the  mitochondria.  When  the  transmembrane 
potential  is  high,  like  in  normal  cells,  JC-1  forms  red  fluorescence  dimers  (J-aggregate),  while  when  it  is  low  the 
red  fluorescence  disappears  and  green  fluorescence  emission  appears  (monomer).  Briefly,  the  cells  on  coverslips 
were  incubated  in  growth  medium  containing  5  mM  of  JC-1  for  10  min.  After  being  rinsed  three  times  with  PBS, 
each  coverslip  was  observed  and  images  were  recorded  with  or  without  the  ELF-EMF  generated  by  Helmholtz 
coils  applied  to  a  confocal  microscope  (excitation  was  fixed  at  488  nm  and  emission  was  set  to  either  522  nm, 
for  green  monomer,  or  605  nm,  for  red  J-aggregate,  using  a  bandpass  filter).  To  estimate  the  modification  of 
fluorescence  in  mitochondria,  the  change  in  green  and  red  areas  was  calculated  for  the  whole  image  using  Scion 
Image  ver.  beta  3b  (Scion  Corporation,  Frederick,  Maryland,  USA).  The  red/green  area  ratio,  resulting  from  each 
single  image  of  the  experiment  was  plotted  against  time  (Castellano  et  al..  Arch.  Pharm.  Pharm.  Med.  Chem. 
333:373-380;  2000). 

ROS  production.  After  different  exposure  times  (10',  20',  30',  60')  at  different  ELF-EMF  intensities  (0,1,  0,5  e 
lmT),  the  cells,  plated  on  96  multiwell,  were  incubated  at  37°C  with  dichlorodihydrofluorescin-diacetate 
(tUDCF-DA)  for  30’.  After  incubation  the  cells  were  washed  and  the  ROS  production  was  revealed  by  the 
fluorescence  emission  of  oxidized  2’, 7 ’-dichloro  fluoresce  in  (DCF)  read  on  a  multiwell  fluorimeter  (excitation  at 
485  nm  and  emission  at  530  nm). 

Antioxidant  enzyme  activities.  The  enzymatic  activities  were  measured  on  cell  extracts  using  spectrophotometric 
assays  according  to  Sun  and  Zigman  (Anal.  Biochem.  90:  81-89;  1978)  for  SOD1;  Aebi  HE  (Methods  in 
enzymatic  analysis.  New  York:  Academic  Press;  pp.:673-684;  1974)  for  CAT;  Paglia  and  Valentine  (J.  Lab. 
Clin.  Med.  70:158-169;  1967)  for  GSH-Px  Se+;  Habig  and  Jacoby  (Methods  Enzymol.  77:398-405;  1981)  for 
GSSG-Rx;  Di  llio  et  al.  (Bioch.  Med.  29:143-148;  1983)  for  GST;  Volohonsky  et  al.  (Chem.  Biol.  Interact. 
140:49-65;  2002)  for  y-GCS.  The  extracts  were  obtained  through  homogenization  of  lxlO7  cells  and 
centrifugation  at  12,000  rpm  for  45  min. 

GSH  total  levels.  The  total  glutathione  levels  were  determined  using  a  kinetic  assay  in  which  catalytic  amounts 
of  GSH  or  GSSG  derived  from  the  continuous  reduction  of  5 ’ 5 ’ -dithiobis  (2-nitrobenzoic  acid)  (DTNB)  by 
NADPH.  The  reaction  rate  is  directly  related  to  the  concentration  of  glutathione  at  values  up  to  about  2  mM.  The 
formation  of  5-thio-2-nitrobenzoate  (TNB)  was  measured  spectrophotometrically  at  405  or  414  nm. 
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ABSTRACT 

OBJECTIVE.  We  have  reported  before  that  42  or  63  h  intermittent  exposure  to  50  Hz,  100  pT  magnetic  field 
(MF)  can  induce  cell  proliferation  in  the  NB69  line,  from  a  human  neuroblastoma  (REFLEX  Project,  Final 
Report  2004).  Evidence  exist  that  mitogen-activated  protein  kinases  can  be  involved  in  the  MF-  induced 
bioeffects.  We  have  used  a  MAPK-specific  inhibitor  (PD98059)  to  investigate  whether  the  activation  of 
extracellular  signal-regulated  kinase  (ERK  1/2)  is  involved  in  the  proliferative  response  elicited  by  MF. 
METHODS.  The  growth  response  was  analyzed  through  haemocytometer  counting  after  63  h  of  exposure  to 
four  conditions:  control;  PD98059  (20  pM);  MF  alone  and  MF  +  PD98059.  In  short-term  studies,  the  expression 
of  phosphoryled  MAPK/ERK  (p-ERKl/2)  was  analyzed  (Immunocytochemistry  -  Image  analysis)  at  15,  30,  60 
and  120  min  of  exposure. 

RESULTS  AND  CONCLUSIONS.  The  results  confirm  that  a  63  h,  intermittent  exposure  to  50  Hz,  100  pT 
increases  the  growth  rate  of  NB69  cells.  This  effect  was  blocked  by  the  MAPK-specific  inhibitor  PD98059.  In 
the  short  term,  the  MF  induced  a  transitory  significant  increase  of  p-ERKl/2  expression  peaking  at  30  min 
(63.4%;  p=  0.0010),  such  an  effect  was  also  negated  by  the  inhibitor.  These  results  indicate  that  the  proliferative 
effects  induced  by  the  MF-exposure  in  NB69  cells  could  be  mediated  by  a  repeated  (intermittent)  transitory 
activation  of  the  MAPK/ERK  pathway. 


INTRODUCTION 

A  number  of  epidemiological  data  have  raised  concerns  about  the  relationship  between  exposure  to  power 
frequency  magnetic  fields  (MF)  and  cancer  promotion  (Ahlbom  et  al.  2001)  and  on  the  potential  contribution  of 
the  occupational  exposure  to  power  frequency  fields  to  the  pathogenesis  of  neurodegenerative  diseases  such  as 
Alzheimer's  or  Parkinson’s  diseases  (Feychting  et  al.  2003;  Park  et  al  2005).  Cellular  studies  are  needed  to 
reveal  the  cellular  and  molecular  mechanisms  underlying  the  biological  effects  and  possible  health  implications 
of  the  exposure  to  power  frequency  MF. 

In  previous  studies  on  NB69  human  neuroblastoma  cell  line,  we  have  reported  that  power  frequency 
fields  at  10  or  100  pT  increase  proliferation  through  activation  of  DNA  synthesis  (Trillo  et  al  2003;  REFLEX- 
Project,  Final  Report  2004).  Numerous  studies  have  investigated  the  influence  of  power  frequency  magnetic 
fields  with  magnetic  flux  densities  (MFD)  in  the  mT  range  on  cell  proliferation  (Katsir  and  Parola  1998;  Wei  et 
al.  2000;  Wolf  et  al.  2005).  However,  there  is  limited  evidence  on  the  effects  of  MFD  <100  pT,  which 
corresponds  to  the  ICNIRP  recommended  threshold  for  short-term  exposure  of  the  general  public  to  50-Hz  MF. 
Since  it  is  unlike  that  EMF  can  induce  DNA  damage  directly,  most  studies  have  examined  EMF  effects  at  the 
cell  membrane  level,  on  general  and  specific  gene  expression,  and  on  signal  transduction  pathways.  Among  the 
cellular  processes  proposed  as  implicated  in  the  MF  growth-promoting  activity,  signaling  and  regulatory  cycle 
proteins  have  been  reported  altered,  though  this  effect  did  not  result  in  apparent  changes  in  routine  physiological 
processes  such  as  cell  growth  or  division  (Korzh-Sleptsova  et  al.  1995;  Richard  et  al.  2002;  Lange  et  al.  2004). 
However,  the  type,  the  age  and  the  state  of  the  cell  as  well  as  the  physical  parameters  of  ELF-MF  can  affect  in  a 
different  degree  the  reported  MF  bioresponses. 

The  aim  of  the  present  work  is  to  explore  the  signaling  and  the  regulatory  proteins  involved  in  the 
proliferative  action  exerted  by  a  50  Hz,  100  pT  MF  on  the  NB69  human  neuroblastoma  cell  line,  investigating 
whether  mitogen-activated  protein  kinases  (MAPK)  could  be  involved  in  such  a  proliferative  response.  MAPK 
kinase  pathways  are  signaling  pathways  that  enable  cells  to  respond  to  external  stressors  and  stimuli  (Kolch, 
2000)  and  play  a  key  role  in  a  variety  of  cellular  responses  including  proliferation,  differentiation,  and  death. 
MAPK  have  been  implicated  in  the  cellular  responses  to  magnetic  fields  (Jin  et  al  2000,  Nie  and  Henderson, 
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2003).  The  MAPK  family  includes  the  extracellular  signal-regulated  kinases  (ERK1/2).  This  ERK  signaling 
pathway,  also  called  the  MEK-ERK  cascade,  is  one  of  the  principal  cytoplasmic  signal  transduction  systems  that 
regulate  processes  of  proliferation  and  survival  in  eukaryotic  cells.  Besides,  up-regulation  of  ERK1/2  has  been 
proposed  to  be  implicated  in  tumor  progression  and  metastasis  in  different  cancer  types  (de  Melo  et  al.  2006; 
Suthiphongchai  et  al.  2006;  Cuevas  et  al.  2006).  In  the  nervous  system  ERK  1/2  has  been  connected  to  neuronal 
responses  both,  to  functional  (modulating  neuronal  survival,  neuronal  differentiation,  and  plasticity)  and 
pathologic  stimuli  (such  as  Alzheimer  or  Parkinson  disease,  Chu  et  al.  2004;  Webster  et  al.  2006).  The  results  of 
the  present  study  indicate  that  the  activation  of  the  extracellular,  signal-regulated  kinase,  ERK1/2,  is  involved  in 
the  proliferative  response  of  NB69  cells  to  the  exposure  to  50  Hz  100  pT  MF. 


MATERIAL  AND  METHODS 

Cell  growth  assays.  NB69  human  neuroblastoma  cells  were  maintained  in  Dulbecco's  Minimum  Essential 
Medium  (D-MEM,  Biowhittaker)  supplemented  with  15%  heat  inactivated  fetal  bovine  serum,  4  mM  L- 
Glutamine  and  100  U/ml  penicillin  and  lOOU/ml  streptomycin  (Gibco  BRL,  lnvitrogen,  Spain).  Cells  were 
cultured  at  37  °C  in  a  humidified  incubator  under  an  atmosphere  of  5%  C02.  Cells  were  seeded,  at  a  density  of 
4.5  x  104  cells/ml,  into  60  mm  0  plastic  Petri  dishes  (Nunc)  or  on  circular  12  mm  0  coverslips  placed  into  the 
Petri  dishes,  and  cultured  under  standard  conditions  for  three  days.  When  needed,  media  were  supplemented 
with  the  ERK1/2  kinase  inhibitor,  PD98059  (2’-amino-3’-methoxyflavone,  Biosource).  PD98059  was  dissolved 
in  dimethyl  sulfoxide  (DMSO).  An  equal  dose  of  DMSO  was  added  to  the  control  dishes.  The  final 
concentration  of  DMSO  in  the  medium  was  0.1%.  The  mean  value  of  the  number  of  cells  in  controls  with  or 
without  the  vehicle,  DMSO,  was  649.0  ±  114.9  (x  104)  and  647.2  ±  83.2  (x  104),  respectively. 

Magnetic  field  exposure.  NB69  cells  were  exposed  to  a  50  Hz,  sinus  wave,  linearly  polarized  magnetic  field, 
at  100  pT.  The  MF  was  generated  by  a  wave  generator  Newtronic  Model  200MSTPC  connected  to  a  pair  of 
coils  set  in  a  Helmholtz  configuration.  Currents  in  the  coils  were  monitored  using  a  multimeter  (Hewlett 
Packart,  model  974 A,  Loveland,  CO)  and  measured  with  fluxgate  magnetometers  (EFA-3,  Model  BN 
2245/90.20  Wandel  and  Goltermann  S.A,  EMDEX  II,  Enertech  Consultants,  Campbell  CA).  Two  pairs  of  coils 
were  placed  inside  two  magnetically  shielded  chambers  (co-netic  metal;  Amuneal  Corp.,  Philadelphia,  PA)  kept 
in  identical  C02  incubators  (Forma  Scientific)  with  a  5%  C02,  37  °C  and  100%  humidity  atmosphere.  The 
background  MF  inside  the  shielded  chambers  was  AC:  0.04  ±  0.03  pT;  DC:  0.05  ±  0.04.  In  each  experiment 
only  one  set  of  coils  was  energized.  The  samples  in  the  unenergized  set  were  considered  sham-exposed 
controls.  Both  incubators  were  used,  in  a  random  sequence,  alternatively  for  MF  exposure  and  sham-exposure. 

Study  of  the  growth  response  at  the  end  of  a  63-hour  lapse  of  intermittent  exposure  in  the  presence  or 
absence  of  the  MAPK  inhibitor  PD98059.  NB69  cells  were  cultured  under  standard  conditions  for  three  days. 
At  this  time  medium  was  renewed  and  20  pM  PD98059  was  added  to  the  culture  media  60  min  prior  to  the  MF 
exposure.  Ten  Petri  dishes,  5  with  and  5  without  PD98059  were  placed  in  each  exposure  set  up  inside  the 
incubators.  The  exposed  group  was  treated  intermittently,  3h  On/3h  Off,  to  50  Hz  MF  at  a  100  pT  magnetic 
flux  density  for  63  h.  The  cells  were  subjected  to:  a)  no  treatment:  controls,  b)  treatment  with  PD98059,  c) 
exposure  to  MF,  and  d)  MF  exposure  imposed  upon  PD98059  treatment.  At  the  end  of  the  exposure  and  or 
treatment,  on  day  6  post-plating  (pp),  the  cellular  viability  and  growth  were  determined  through  Trypan  blue 
exclusion.  All  assays  and  analysis  were  performed  in  the  blind  for  experimental  condition. 

Studies  of  the  phosphoryled  ERK1/2  expression  in  response  to  short-term  MF  exposure  or  PD98059 
treatment.  NB69  cells  were  exposed  for  15,  30,  60  and  120  min  at  day  4  pp.  The  percent  of  phosphoryled 
ERK1/2  (p-ERKl/2)  positive  cells  was  analyzed  by  immunocytochemistry.  At  the  end  of  the  magnetic  field 
exposure,  the  cells  were  fixed  with  4%  paraformaldehyde  for  20  min  at  4  °C  and  permeabilized  with  5% 
ethanoFacetic  acid.  The  non-reactive  sites  were  blocked  (10%  goat  serum  in  PBS)  for  1  hour  at  room 
temperature.  Immunostaining  was  performed  by  incubating  cells  overnight  at  4  °C  with  primary  antibody 
antiphospho  -specific  ERK1/2  (1:100)  rabbit  polyclonal  antibody  (44  -480G,  Biosource)  and  a  secondary,  goat 
antirabbit  IgG,  antibody  (1:500)  conjugated  with  the  fluorophore  Alexa  Fluor  488  (Molecular  Probes)  for  1 
hour  at  room  temperature.  Hoechst  33342  (Bisbenzimide,  Sigma)  was  included  in  the  mounting  medium  as  a 
counterstain  for  nuclei  and  was  visualized  and  evaluated  by  photomicroscope.  In  each  experiment  3  coverslips 
were  studied  per  experimental  group  (Control;  Inhibitor;  MF;  Inhibitor  +  MF).  In  each  coverslip  15  random 
microscope-fields  were  analyzed  and  in  each  microscope-field  the  total  nuclei  (Hoechst  fluorescent  dye)  and 
the  percent  of  p-ERKl/2  positive  cells  were  recorded.  A  total  of  about  4500-5000  cells  per  experimental  group 
was  evaluated.  The  statistical  study  applied  the  ANOVA  test  followed  by  the  Student’s  T  test. 
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RESULTS 

1.  Growth  response  at  the  end  of  a  63-hour  lapse  of  intermittent  exposure  in  the  presence  or  absence  of 
the  MAPK  inhibitor  PD98059.  The  effects  of  100  pT  MF  on  the  cell  growth  in  the  presence  or  absence  of 
PD98059  at  20  pM  are  represented  in  Figure  1.  The  exposure  to  the  MF  induced  a  significant  increase  in  the 
number  of  cells  (9.1%  over  controls,  p<  0.01),  which  confirms  previously  reported  observations  by  our  group 
(Trillo  el  al.,  2003;  REFLEX-Project,  Final  Report  2004).  In  contrast  to  that,  the  treatment  with  PD98059 
provoked  equivalent,  significant  decreases  in  the  number  of  cells  of  MF-exposed  (16.7%  below  controls,  p< 
0.001)  or  unexposed  samples  (16.7  %  below  controls;  p<  0.001).  The  latest  indicates  that  the  MAPK  inhibitor 
PD98059  inhibits  cell  growth  in  the  NB69  line  and  blocks  the  MF-induced  growing  effect  on  these  cells. 
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Figure  1.  Effects  of  a  63  hours  exposure  to  100  pT  MF  and/or  of  treatment  to  20  pM  PD98059  on  the  number 
of  cells.  Data  from  4  experimental  replicates  normalized  with  respect  to  controls  (Mean  ±  SEM).  **:  p<  0.01; 
***:  p<  0.001  (ANOVA  followed  by  Student’s  T-test.) 


2.  Phosphoryled  ERK1/2  expression  in  response  to  short-term  MF  exposure  or  PD98059  treatment. 

Figure  2  shows  the  results  of  short-term  treatment  with  MF  or  MAPK  inhibitor  on  day  4  pp.  The  MF  exposure 
provoked  a  transitory  increase  in  the  percent  of  cells  that  express  p-ERKl/2,  peaking  at  30  min  of  exposure 
(63.4%  over  controls  p<  0.01),  the  effect  being  prevented  by  PD98059.  However,  at  120  min  of  exposure  a 
significant  decrease  in  the  p-ERK  1/2  expression  (19.0%  below  controls;  p<  0.001)  was  obtained.  This  response 
was  similar  to  that  induced  by  the  inhibitor  alone  and  by  the  combined  treatment  (27.6%;  p<  0.05  and  28.8%, 
p<  0.05  below  controls,  respectively).  As  can  be  observed,  the  MAPK  inhibitor  PD98059  only  provoked  a 
significant  reduction  in  ERK1/2  activation  after  120  min  of  treatment,  although  it  was  able  to  prevent  the  MF 
induced  ERK1/2  expression  at  30  and  60  min  of  treatment.  Taken  together,  these  results  indicate  that  the  MF 
can  induce  transitory  activation  of  the  MAPK/ERK  pathway  in  NB69  cells  and  suggest  that  the  proliferative 
response  induced  by  the  exposure  to  50  Hz  100  pT  MF  could  be  mediated  by  this  transitory  activation  of 
MAPK,  ERK1/2  transduction  pathway,  in  each  of  the  3-hour  On  periods  of  the  intermittent  exposure  cycle. 
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Figure  2.  p-ERK  1/2  expression  in  response  to  short-term  MF  exposure  or  PD98059  treatment.  Transitory 
effect  of  the  MF  exposure,  peaking  at  30  min.  The  MAPK-specific  inhibitor,  PD98059,  blocks  the  MF  effect.  N 
=  4  independent  replicates,  data  normalized  with  respect  to  controls  (Mean  ±  SEM).  *:  p<  0.05;  **:  p<  0.01; 
***:  p<  0.001,  Student’s  T-  test. 


DISCUSSION: 

The  effect  of  the  MAPK-specific  inhibitor  PD98059  on  MF-induced  cell  growth  and  on  ERK1/2 
phosphorylation  was  examined  to  determine  whether  ERK1/2  is  involved  in  the  proliferative  effects  of  50  Hz 
MF  on  NB69  human  neuroblastoma  cells.  The  ERK1/2  signaling  pathway  is  a  major  determinant  in  the  control 
of  diverse  cellular  processes  such  as  proliferation,  survival,  differentiation  and  motility.  This  pathway  is  often 
up  regulated  in  human  tumors  (de  Melo  et  al.  2006;  Kohno  and  Pouyssegur  2006),  and  play  an  essential  role  in 
cell  cycle  progression,  through  induction  of  cell  cycle  regulatory  proteins  and  transcription  factors  (Chang  et  al. 
2003). 

The  present  data  confirm  that  a  63-hour  intermittent  exposure  to  50  Hz,  sinus  wave  MF  at  100  pT 
promotes  cell  growth  in  the  NB69  cell  line.  This  increased  growth  was  prevented  when  the  specific  inhibitor  of 
the  ERK1/2  activation,  PD98059,  was  present.  Besides,  the  field  provoked  a  transitory  increase  in  the  activated, 
extracellular  signal  regulated  kinase,  p-ERKl/2,  peaking  at  30  min  of  exposure.  The  presence  of  PD98059 
blocked  this  transitory  activation  of  ERK1/2.  At  120  min  of  MF  exposure  a  significant  decline  in  the  expression 
ofp-ERKl/2  occurred,  both  in  the  presence  or  in  the  absence  of  PD98059.  Three  other  human  cell  lines  (HTB 
124,  MCF7  and  HL60),  known  to  respond  to  MF  with  a  2  -  3-fold  induction  of  HSP70  expression  (Goodman  et 
al  1998),  have  also  been  reported  to  be  responsive  to  a  30  min  MF  exposure  (60  Hz,  8.0  and  80  pT)  and  induce 
ERK1/2  phosphorylation  (Jin  et  al.  2000).  The  level  of  MAPK  activation  in  MCF7  and  HL60  cells  exposed  to 
the  MF  (60  Hz,  100  pT)  was  approximately  equivalent  to  that  in  cells  treated  with  0.1  -  0.5  ng/ml  of  12-0- 
tetradecanoylphorbal- 13-acetate,  TPA,  (Nie  and  Henderson,  2003).  Moreover,  a  cooperative  effect  on  PKC 
activity  has  been  observed  when  exposure  to  TPA  and  MF  (50  Hz,  1  mT)  were  applied  simultaneously  on 
human  amniotic  cells  (Richard  et  al.  2002),  which  is  suggestive  of  a  role  for  protein  kinase  C  in  the  process 
leading  to  MAPK  activation  in  MF  exposed  cells.  It  is  currently  believed  that  power  frequency  fields  initiate 
the  activation  of  the  stress  response  when  the  signal  affect  receptors  in  the  plasma  membrane  and  that  this 
subsequently  triggers  the  specific  signal  transduction  pathway  that  regulates  different  cell  processes.  In  our 
study,  the  question  whether  the  MF-activation  of  EKR1/2  in  NB69  cells  is  a  consequence  of  the  conventional 
extracellular  stress-activated  signaling  to  the  nucleus  remains  unanswered.  However,  like  in  the  work  by  Jin  et 
al.  (2000),  in  the  present  study  a  MF  activation  of  ERK1/2  was  obtained,  this  activation  being  associated  to  the 
MF-induced  promotion  of  proliferation  in  NB69  cells. 

Different  authors  have  reported  effects  of  power  frequency  MF  on  cell  proliferation  in  neuroblastoma 
lines;  however,  the  molecular  regulatory  mechanisms  underlying  these  MF-induced  bioeffects  remain 
unidentified.  Namely,  proliferation  induction  was  obtained  in  neuroblastoma  cells  (LAN-5)  after  seven  days  of 


1054 


A  ROLE  OF  ERK1/2  IN  THE  PROLIFERATIVE  EFFECTS  OF  50  Hz  MF 


continuous  exposure  to  50  Hz,  I  mT;  this  effect  being  associated  to  transitory  increases  of  the  proto-oncogen  B- 
myb  (Pirozzoli  et  al.  2003).  Also,  Tonini  et  al.  (2001)  reported  inhibition  of  proliferation  in  NG108-15  cells 
treated  with  the  differentiating  agent  BT2cAMP.  This  chemically-induced  inhibition  of  cell  proliferation  was 
relieved  by  exposure  to  a  50  Hz  MF  at  120  or  240  pT.  Our  present  results  suggest  that  the  proliferative 
response  induced  by  the  exposure  to  50  Hz  100  uT  magnetic  fields  could  be  mediated  by  a  repeated  transitory 
activation  of  MAPK,  ERK1/2  transduction  pathway,  in  each  of  the  3-hour  On  periods  of  the  intermittent 
exposure  cycle.  Recently  Ebisuya  et  al  (2005)  have  reported  that  differences  in  the  duration,  magnitude  and 
compartmentalization  of  ERK  activity  can  generate  variations  in  the  signaling  output  that  determine  the  cellular 
outcome.  Furthermore,  in  the  study  by  Ebisuya  and  coworkers  several  molecules  have  been  identified  as 
spatial,  temporal  or  strength-controlling  regulators  of  ERK  activity.  Consistent  with  that,  a  potential  induced 
modulation  by  the  MF  exposure  of  these  regulators  of  ERK  activity  could  represent  one  of  the  mechanisms 
implicated  in  the  MF-induced  proliferation  observed  by  us  in  NB69  cells. 


SUMMARY 


The  purpose  of  the  present  work  is  to  determine  whether  the  mitogen-activated  protein  kinases  MAPK,  ERK1/2 
is  potentially  involved  in  previously  reported  effects  of  the  intermittent  exposure  to  a  50  Hz,  10  or  100  pT 
magnetic  field  on  the  proliferation  of  the  NB69  human  neuroblastoma  cell  line.  The  influence  of  the  MAPK- 
specific  inhibitor  PD98059  on  MF-induced  effects  on  cell  growth  and  on  ERK1/2  phosphorylation  was 
examined.  The  obtained  results  show  that  the  MF-induced  growth  response  is  prevented  when  the  ERK1/2 
activation  was  chemically  inhibited.  Besides,  the  MF  provoked  a  time  course  significant,  transitory  increase  in 
the  p-ERKl/2  expression,  peaking  at  30  min  of  exposure.  That  transitory  effect  was  also  prevented  by  the 
MAPK  specific  inhibitor.  Taken  together,  the  present  data  indicate  that  the  increase  in  cell  proliferation  induced 
by  a  50  Hz,  100  pT  MF  in  the  NB69  line  could  be  the  result  of  a  consecutive,  transitory  activation  of  the 
MAPK,  ERK1/2  transduction  pathway,  during  the  On  periods  of  intermittent  exposure  to  the  field. 
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Abstract 

Human  exposure  to  electromagnetic  fields  from  mobile  communications  (base-stations  and  mobile  phones)  has 
been  widely  studied  in  the  last  years.  Nevertheless,  the  increasing  use  of  wireless  technology  for  short  range  data 
transfer  (DECT,  Bluetooth  and  WLAN)  in  home  and  office  has  enhanced  the  social  concern  about  potential 
adverse  health  effects  of  electromagnetic  fields  from  those  technologies.  Moreover,  epidemiological  studies  and 
assessments  of  electromagnetic  environments  make  necessary  to  know  the  influence  that  the  electromagnetic 
field  from  a  certain  new  technology  source  has  in  the  total  exposure  level  of  a  person. 

The  aim  of  this  work  is  to  assess,  by  using  the  finite-difference  time-domain  method  (FDTD),  the  human 
exposure  to  electromagnetic  fields  from  the  antennas  of  wireless  devices  such  as  those  of  wireless  local  area 
networks  (WLAN)  access  points.  Several  geometrical  configurations  are  considered  to  simulate  the  exposure  of 
the  head  of  a  person,  as  a  worst  case,  to  the  fields  from  a  WiFi  antenna  operating  at  2400  MHz  in  home  or  office 
environments,  calculating  both,  field  values  to  be  compared  with  reference  levels  and  maximum  specific 
absorption  rate  (SAR)  values  to  be  compared  with  basic  restrictions.  The  situation  of  short-distance  exposure  to 
the  bluetooth  antenna  of  a  personal  digital  assistant  (PDA)  in  front  of  the  eye  of  the  user  is  also  studied  by 
calculating  the  SAR.  Results  are  presented. 


Introduction 

In  the  last  years,  there  has  been  a  social  concern  about  the  possible  harmful  effects  on  the  human  health  derived 
from  people  exposure  to  radiofrequency  electromagnetic  fields,  specially  those  produced  by  mobile  telephony 
(base-station  antennas  and  mobile  phones).  Nevertheless,  the  rapid  introduction  in  home  and  office  environments 
of  new  emerging  wireless  technologies,  such  as  the  wireless  local  area  networks  (WLAN  of  WiFi)  and 
Bluetooth,  is  motivating  the  users  to  worry  about  possible  negative  effects  on  their  health  caused  by  these 
technologies. 

The  human  exposure  to  radiofrequency  electromagnetic  fields  is  regulated  by  national  and  international 
guidelines  [1,2]  which  limit  the  exposure  of  general  public  to  those  fields,  based  on  the  guidelines  from  the 
International  Commission  on  Non  Ionizing  Radiation  Protection  [3].  In  the  same  way,  the  European  Union  has 
defined  a  specific  directive  for  the  protection  of  workers  from  the  exposure  to  those  fields  [4]. 

Measurements  of  the  WLAN  signals  in  different  environments  have  been  made  by  several  authors 
considering  access  points  only,  with  client  card  enabled,  uploading  or  downloading  large  files  [5],  or  access 
points  and  mobile  terminals  with  a  maximum  power  of  100  mW  [6],  having  found  a  strong  dependence  with 
distance  and  measured  values  far  below  the  limits  of  the  international  guidelines.  Measurements  of  the  electric 
field  near  a  WiFi  802.11b  router  so  as  numerical  simulations  of  the  electric  field  surrounding  a  wireless  laptop 
computer  with  two  hands  over  the  keyboard  have  been  made  in  [7],  with  a  theoretical  estimation  of  the  channel 
occupation  as  a  means  of  knowing  the  real  emitted  power  of  the  system  and  an  experimental  assessment  of 
compliance  with  safety  limits  of  several  short-range  wireless  devices  used  in  home  and  office  environments  has 
been  made  in  [8],  by  means  of  E-fields  measurements  in  a  semi-anechoic  chamber  and  SAR  measurements  in  a 
body-emulating  phantom,  concluding  that,  in  the  very  near  future,  the  background  exposure  in  everyday  life 
situations  will  exceed  exposures  from  base  stations  and  broadcast  stations,  so  that  it  is  necessary  to  assess  the 
simultaneous  exposure  of  people  to  multiple  sources  in  its  surrounding  environment. 
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In  this  work  the  FDTD  technique,  which  has  demonstrated  to  be  very  useful  for  dosimetry  studies  of  human 
exposure  to  electromagnetic  fields,  is  used  to  analyze  the  field  distribution  in  the  vicinity  of  a  person  during  the 
use  of  several  radiofrequency  devices.  Two  different  situations  will  be  considered,  trying  to  simulate  actual 
operating  conditions  in  exposure  to  wireless  access  points  antennas  (based  on  the  standard  IEEE802.11b)  in 
home  or  office  environments  and  use  of  a  WiFi  or  bluetooth  PDA  at  several  distances  in  front  of  the  user’s  eye. 
In  all  cases,  the  SAR  in  the  head  of  the  user  will  be  calculated  to  be  compared  with  basic  restrictions  from  the 
guidelines. 


Models  and  Results 

A.  Exposure  to  wireless  access  points  antennas. 

Several  situations  of  possible  exposure  to  the  antenna  of  a  wireless  access  point  in  a  domestic  or  office 
environment  have  been  studied.  In  the  simulations,  brick  walls  and  metalic  cabinets  are  included  to  consider  the 
influence  of  the  environment  in  the  SAR  calculated  in  the  head  of  the  exposed  person.  Figure  1  shows  the 
schematic  geometries  of  four  studied  configurations:  (a)  a  person  working  in  a  table  where  a  desktop  antenna  in 
located,  near  the  brick  walls  of  the  room,  at  a  distance  of  40  cm  of  the  person  head;  (b)  the  worst-case  of  a 
person  with  the  antenna  in  front  of  its  eyes  at  a  distance  of  20  cm,  with  a  reflecting  plate  behind  the  antenna  at  a 
distance  of  4  cm;  (c)  a  person  in  front  of  an  antenna  which  is  on  the  opposite  side  of  a  12  cm  thick  brick  wall,  the 
antenna-eye  distance  being  20  cm  or  (d)  a  person  exposed  to  the  radiation  of  two  desktop  antennas  at  15  and  20 
cm  from  the  head,  respectively,  with  metalic  cabinets  behind  the  antennas  at  15  and  25  cm  (fig.  Id). 


Figure  1.  Schematic  view  of  the  analyzed  exposure  situations:  (a)  Head  at  40  cm  from  the 
antenna  which  is  at  4  cm  of  both  walls,  (b)  Head  at  20  cm  from  the  antenna  and  at  24  cm 
of  a  metalic  wall,  (c)  Head  at  20  cm  from  the  antenna,  which  is  4  cm  on  the  opposite  side 
of  the  brick  wall,  (d)  Head  in  presence  of  two  antennas,  surrounded  by  metalic  cabinets. 


The  antennas  have  been  simulated,  in  all  cases,  as  half-wavelength  dipoles,  operating  at  a  frequency  of  2400 
MHz  with  a  radiated  power  of  100  mW.  To  simulate  the  user,  a  high-resolution  head  and  shoulders  mesh. 
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developed  from  nuclear  magnetic  resonance  by  REMCOM  Inc.  and  the  Hershey  Medical  Center,  Hershey,  PA, 
USA,  has  been  used.  The  model  has  2  x  2  x  2,5  mm  cells  and  includes  17  different  biological  tissues  which 
corresponding  densities  and  dielectric  characteristics  at  the  operating  frequency  (2400  MHz)  are  sumarized  in 
table  1  [9], 

The  walls  have  been  modeled  by  rectangular  plates  with  a  width  of  12  cm,  by  using  a  material  which  simulates 
the  dielectric  characteristics  of  brick,  with  a  relative  permitivity  of  sr  =  5.1  and  a  conductivity  of  ct  =  0.028  S/m, 
assumming  they  are  similar  to  those  corresponding  to  1800  and  2140  MHz  [10]. 


Tissue 

sr  (S/m) 

a  (S/m) 

p  (kg/m3) 

Skin 

37.63 

1.29 

1125 

T  endon 

44.03 

1.80 

1151 

Fat,  yellow  marrow 

4.4 

0.08 

943 

Cortical  bone 

11.67 

0.41 

1850 

Cancellous  bone 

17.47 

0.60 

1080 

Blood 

53.31 

2.68 
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Muscle 

55.84 

2.32 
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Grey  matter 

46.47 

2.10 

1035.5 

White  matter 

35.80 

1.36 

1027.4 

Cerebro-spinal-fluid 

66.87 

3.22 

1000 

Sclera/cornea 

51.77 

2.11 

1151 

Vitreous  humor 

66.80 

2.48 

1000 

Nerve 

31.61 

1.10 

1112 

Cartilage 

37.18 

1.57 

1171 

Tongue,  thyroid 

53.14 

2.05 
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Cerebellum 

47.31 

1.79 

1035.5 

Esophagus 

36.10 

1.47 

1126 

Table  1.  Relative  permitivities,  conductivities  and  densities  of  the  tissues  in  the  head 
model  for  2400  MHz. 

By  using  the  FDTD  method,  we  have  calculated  the  electric  field  values  in  the  proximity  of  the  antennas  when 
there  is  no  exposed  person,  to  be  compared  with  the  limits  stablished  in  the  exposure  guidelines  (reference 
levels).  Moreover,  the  SAR  values  inside  the  human  head  model  have  been  calculated  to  be  compared  with  basic 
restrictions.  Figure  2  shows  contour  plots  of  the  calculated  fields  in  absence  of  the  head  model  for,  respectively, 
the  four  exposure  situations  described  in  the  first  paragraph. 


(a) 


(b) 
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(c)  (d) 


Figure  2.  Contour  plots  of  the  calculated  fields  in  absence  of  the  head  model  for  the  four 
exposure  situations  shown  in  figure  1. 

In  all  the  studied  configurations,  it  can  be  observed  that  local  field  values  in  the  position  where  the  person  is  to 
be  located  are  below  the  reference  level  for  this  frequency  (61  V/m  for  the  electric  field).  Spatially  averaged 
values  are  obviously  lower.  As  it  is  well  known,  guidelines  compliance  based  on  reference  levels  ensures  the 
fullfilment  of  guidelines  based  on  basic  restrictions.  Nevertheless,  in  exposure  situations  at  short  distances  from 
the  antennas,  it  is  interesting  the  assessment  of  the  SAR.  The  calculated  values  of  SAR  averaged  over  the  whole 
exposed  object  (SARwb),  so  as  the  maximum  local  SAR  values,  averaged  over  10  grams  of  contiguous  tissue 
(SARiog),  are  shown  in  table  2. 


Geometry  (a) 

Geometry  (b) 

Geometry  (c) 

Geometry  (d) 

SARwb  (W/kg) 

0.00044 

0.00054 

0.00012 

0.0006 

SARiog  (W/kg) 

0.008 

0.019 

0.008 

0.027 

Table  2.  SARwb  and  SAR10g  for  the  four  simulated  exposure  situations. 

It  can  be  appreciated  that  SARwb  and  SAR10g  values  are  far  below  the  corresponding  basic  restrictions  for  all 
geometries. 


B.  Use  of  a  PDA  device  close  to  the  user ’s  face. 

The  study  of  the  SAR  produced  by  the  use  of  PDA  devices  is  interesting  because,  due  to  the  reduced  screen  size, 
the  distance  from  the  antenna  to  the  eye  of  the  person  (which  is  known  to  be  a  critical  organ)  can  be  very  short. 
For  that  reason,  we  have  modeled  a  2400  MHz  antenna  in  front  of  the  eye  of  the  head  and  shoulders  model  at 
several  distances,  from  5  to  30  cm,  trying  to  simulate  a  worst-case  exposure  situation.  The  electrical  and 
geometrical  models  of  the  antenna  and  the  person  are  the  same  than  those  used  in  the  previous  section.  Results 
for  the  calculated  maximum  SARi0g  as  a  function  of  the  antenna-aye  distance  are  presented  in  figure  3  for 
different  antenna  radiated  powers. 
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Figure  3.-  Maximum  SARIOg  as  a  function  of  antenna-eye  distance  for  different  radiated  powers. 

It  can  be  seen  that  SAR  values  increase  strongly  as  the  antenna-eye  distance  becomes  shorter,  although  the 
maximum  value  of  0.18  W/kg,  obtained  for  the  lowest  (unusual)  considered  distance,  corresponding  to  a  radiated 
power  of  100  mW  (the  maximum  expected  with  WiFi  or  Bluetooth  standards),  clearly  fulfills  safety  guidelines. 


Conclusions 

In  this  work,  the  human  exposure  to  the  electromagnetic  fields  from  the  antennas  of  wireless  devices  such  as 
those  of  WLAN  access  points  or  WiFi  or  bluetooth  personal  digital  assistants  has  been  analyzed  by  using  the 
FDTD  method.  Several  exposure  situations  have  been  considered,  assessing  field  levels  and  SAR  in  the  exposure 
to  access  point  antennas,  to  be  compared  with  reference  levels  and  basic  restrictions,  respectively,  or  max 
SARiog  in  short-distance  exposure  to  a  PDA  device. 

Results  show  that  the  exposure  levels,  even  in  worst  case  situations,  as  can  be  the  case  of  WiFi  access  point  or 
blueooth  antennas  at  a  short  distance  in  front  of  the  eye  of  a  person,  are  lower  than  those  obtained  when 
analyzing  the  exposure  to  mobile  phones,  the  SAR10g  values  being  far  below  the  basic  restrictions  from  the 
guidelines. 
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Abstract 

The  aim  of  this  study  was  to  provide  an  optimization  procedure  in  order  to  experimentally  evaluate  RF  exposure 
levels  due  to  wireless  devices,  other  than  phones,  used  in  home  and  office  environments.  To  this  end,  several 
measurements  were  carried  out  at  UMTS  and  Wi-Fi  frequencies  and  the  results  were  then  compared  with 
simulations  provided  by  the  ray  tracing  prediction  model  ARMONICA.  The  comparison  between  measurement 
and  numerical  results  showed  a  satisfactory  agreement  and  suggest  that,  in  order  to  avoid  time  consuming 
measurements  for  monitoring  the  electromagnetic  field  levels  due  to  wireless  communications  in  indoor 
environments,  the  use  of  a  ray  tracing  prevision  model  is  a  valid  support  allowing  to  perform  experimental 
validations  only  in  that  points  where  the  simulator  has  shown  some  critical  aspect. 


Introduction 

In  the  last  years  the  enormous  growth  of  mobile  telecommunications  leads  to  the  necessity  of  developing 
effective  and  accurate  techniques  to  calculate  and  measure  the  electromagnetic  field  (EMF)  levels  in  indoor 
environments.  To  determine  the  EMF  levels  and  to  assure  population  against  excesive  exposure  according  to  the 
international  standards  [1],  [2],  that  have  specified  the  exposure  limits,  measurements  must  be  done  in  the  place 
under  test,  using  appropriated  procedures  for  the  new  types  of  radio  communications  signals.  However,  the  use 
of  experimental  valuations  in  order  to  determine  the  EM  fields  levels  in  indoor  settings  could  give  rise  to  high 
costs  and  long  times;  for  this  reason  an  EMF  prevision  software  could  represent  an  advantageous  opportunity  to 
reach  the  purpose.  The  computation  of  electromagnetic  field  propagation  in  real  environments  is  a  complex 
problem  for  the  difficulty  to  describe  with  sufficient  precision  the  antenna  system,  the  geometry,  the 
electromagnetic  properties  of  present  objects,  the  morphology  and  the  ground  characteristics. 

Besides,  the  zone  interested  by  the  field  computation  could  be  extremely  extensive  compared  with  the  wave 
lengths  of  the  typical  mobile  communication  frequencies,  so  that  the  computation  resources  could  become  an 
excessive  load.  It  is  for  these  reasons,  that  the  classical  numerical  techniques  for  the  resolution  of  Maxwell 
equations  such  as  the  finite  elements  method  (FEM)  or  the  finite  difference  time  domain  technique  (FDTD)  are 
inapplicable.  So  many  studies  were  carried  out  about  this  argument  and  empiric  and  semiempiric  models  were 
developed  to  solve  the  problem  [3-6],  but  in  the  two  last  decade  the  ray  tracing  techniques  [7-9]  were  applied  to 
the  EMF  prediction  since  it  is  proved  the  more  appropriate,  although  there  are  still  some  unsolved  questions. 

The  aim  of  this  study  is  to  provide  a  methodology  for  characterizing  realistic  electric-field  exposures  in  home, 
office  and  occupational  settings  and  suggests  an  approach  for  evaluating  compliance  with  guideline  limits  in 
such  settings.  To  this  end,  several  measurements  were  carried  out  at  UMTS  and  Wi-Fi  frequencies  and  the 
results  were  then  compared  with  simulations  provided  by  a  ray  tracing  prediction  model. 

Materials  and  methods. 

Simulations.  The  program  used  for  the  EMF  prevision  was  ARMONICA;  it  was  developed  by  DEIS 
(Dipartimento  di  Elettronica,  Informatica  e  Sistemistica)  at  the  University  of  Bologna  in  a  joint  work  with 
A.R.P.A.  Emilia  Romagna  (Italy).  In  particular,  we  used  the  “mray”  module;  it  calculates  the  EM  field  in  the 
analysis  point  as  the  vectorial  sum  of  all  contributions  corresponding  to  all  main  rays  that  reach  the  receiving 
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point  after  a  number  of  interactions  with  the  possible  obstacles.  The  adopted  program  implements  a  three 
dimensional  spatial  ray  tracing  model  involving  both  reflection  and  rifraction  contributions  but  negleting  the 
diffraction  ones.  The  program  requires  in  input  5  files  in  order  to: 

•  describe  the  radiative  characteristics  of  the  trasmitting  antenna; 

•  describe  the  geometrical  characteristics  of  environment: 

•  specify  the  electromagnetics  properties  of  the  materials; 

•  set  up  opportune  boolean  values  in  order  to  have  an  output  file  with  the  description  of  the  various  rays 
which  contribute  to  the  electromagnetic  field  value  in  each  analysis  point; 

•  define  the  irradiated  signal  frequency,  the  maximum  number  of  reflected  rays,  positioning  and 
orientation  of  the  transmitting  antenna,  power  supply,  analysis  domain  and  the  type  of  output  quantity. 

The  program  provides  in  output: 

•  the  amplitude  of  the  electric  field  components:  |Ex|  [V/m];  |Ey|  [V/m];  |Ez|  [V/m]; 

•  the  amplitude  of  the  electric  field  |E|  [V/m]; 

•  the  received  power  [dB]. 

Measurements.  A  large  number  of  measurements  were  carried  out  in  different  environments  and  configurations. 
Several  analysis  domains  were  considered:  the  microwave  laboratory  room  (fig.  1),  an  office  room  (fig.  2)  and  a 
hall  way  out  of  the  DIET  (Department  of  Electronic  and  Telecommunication  Engeneering  at  the  University  of 
Naples  Federico  II).  The  WiFi  or  UMTS  signal  was  transmitted  by  either  a  WLAN  antenna  (Cisco  Aironet  Yagi 
1949)  or  a  ridged  horn  (Schwarzbeck  BBHA  9120D).  The  measurements  were  performed  using  either  a 
spectrum  analyzer  (R&S  FSH3)  connected  to  the  receiving  antenna  (precision  conical  dipole  PCD  8250, 
Austrian  Research  Centers,  Seibersdorf),  or  a  vector  network  analyzer  (Anritsu  37247C)  connected  to  the 
receiving  (PCD  8250)  and  transmitting  antennas.  In  the  latter,  several  positions  of  the  transmitting  antenna, 
working  at  2.0  GHz  frequency,  were  adopted,  while  the  receiving  antenna  was  mounted  on  an  automated  planar 
scanning  system  (fig. 3).  In  this  way  a  planar  distribution  of  the  electric  field  was  obtained  [10]  as  shown  in  fig. 
4.  Then  we  analyzed  the  predictive  potentality  of  the  ray  tracing  technique  in  indoor  environments  by  comparing 
the  numerical  results  with  those  observed  in  the  several  measurements  carried  out  in  different  settings. 


» W 


plastic 

glass 

thick  wall 

thin  wall 

~ 

floor 

ceiling 

metal 

marble 

china 

Fig.  1.  Matlab  three-dimensional  reconstruction  of  the  microwave  laboratory  at  DIET,  Un.of  Naples  Federico  II. 
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Fig.  2.  Matlab  three-dimensional  reconstruction  of  the  office  room  at  DIET,  Un. of  Naples  Federico  II. 


Fig.  3.  Precision  conical  dipole  receiving  antenna  mountated  on  planar  scanning  system. 


1065 


Results.  The  comparison  between  measurement  and  numerical  results  showed  a  satisfactory  agreement  (figg.  5, 
6).  Although,  due  to  the  complexity  of  the  analysis  domain,  some  critical  aspects  were  evidentiated:  a  not 
accurate  geometric  description  of  the  environment  can  strongly  affect  the  prevision  model  results;  the  addition  of 
diffraction  contributes  can  improve  the  numerical  results;  in  indoor  environments  it  isn’t  always  simple  to 
guarantee  the  far  field  conditions  at  the  wireless  working  frequencies;  a  very  accurate  technical  decription  of  the 
instrumentation  is  necessary. 
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Fig.  6.  Calculated  and  measured  electric  field  levels,  with  estimated  uncertainity,  and  the  corresponding  scenario. 


SUMMARY 

The  aim  of  this  study  was  to  provide  an  optimization  procedure  for  evaluating  RF  exposure  levels  due  to 
wireless  devices  other  than  phones  used  in  home  and  office  environments.  To  this  end  several  measurements 
were  carried  out  in  different  settings;  the  results  were  then  compared  with  those  calculated  by  means  of  a  ray 
tracing  prediction  model. 

A  satisfactory  agreement  between  the  experimental  and  calculated  results  suggest  that,  in  order  to  avoid  time 
consuming  measurements  for  monitoring  the  electromagnetic  field  levels  due  to  wireless  communications  in 
indoor  environments,  the  use  of  a  ray  tracing  prevision  model  is  a  valid  support  allowing  to  perform 
experimental  validations  only  in  that  points  where  the  simulator  has  shown  some  critical  aspect. 
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Abstract. 

A  set  of  different  devices  for  “ in  vitro”  exposures  of  biological  samples  (DNA,  proteins)  to 
electromagnetic  field  (300  MHz  -  2.45  GHz)  and  the  contemporary  control  of  conformational  changes 
of  the  exposed  biostructure  was  designed  and  tested.  To  this  end  all  the  RF  applicators  were  provided  of 
a  non  perturbative  optical  apparatus,  which  allows  the  continuous  monitoring,  during  the  exposure, 
either  the  absorption  spectra  or  the  absorbance  at  a  given  wavelenght  in  order  to  observe  reversible 
effects  induced  by  the  electromagnetic  field. 


Introduction 

In  vitro  studies  performed  on  simple  but  fundamental  components  of  biological  systems,  i.e., 
biomolecules,  in  particular  proteins  and  nucleic  acid  and  artificial  or  isolated  fragments  of  membranes, 
can  provide  important  insights  into  fundamental  mechanisms  for  biological  effects  due  to 
electromagnetic  field  action.  Proteins  possess  usually  a  net  charge  at  pH  corresponding  to  the  native 
condition;  moreover  a  large  number  of  charge  aminoacid  residues  are  distributed  in  their  structure. 
Protein  structures  are  intrinsically  flexible  structures  and  can  assume  multiple  conformations  (in  some 
cases  called  “open”  and  “closed”forms).  During  the  course  of  their  biological  function,  proteins  undergo 
different  types  of  structural  rearrangements  ranging  from  local  to  large-scale  conformational  changes. 
Since  protein  machines  are  flexible  structures  having  own  electric  charges,  such  motions  involved  in 
many  basic  functions  such  as  catalysis,  regulation,  transportation,  and  aggregation  could  be  triggered  by 
their  interactions  with  electromagnetic  field. 

Since  many  years  our  research  group  is  involved  in  the  study  of  interaction  mechanisms  between 
the  electromagnetic  fields  and  biomolecules.  An  irreversible  time  dependent  inactivation  was  observed 
in  thermophilic  enzymes  exposed  at  10.4  GHz.  The  percentage  of  deactivation  depended  on  the 
temperature  (60  -  90°C)  ,  SAR  (0.8  -  3.1  W/g),  and  microenvironment  (enzyme  concentration  or 
influence  of  salts).  Conformational  changes  detected  by  fluorescence  and  circular  dichroism  techniques 
suggested  that  microwaves  induced  in  this  cases  protein  structural  rearrangements  not  related  to 
temperature  [1,2,3].  Non  thermal  effects  induced  by  exposure  to  1.95  GHz,  a  typical  frequency  used  in 
mobile  communication,  have  been  observed  on  the  kinetic  of  reconstitution  of  the  heme  binding  site 
from  acidic  tuna  myoglobin  solution  [4].  More  recently  our  attention  was  focussed  on  the  possibility  that 
electromagnetic  field  can  remotely  control  these  nano-biomachines  [5,6]. 

The  possibility  of  evidencing  possible  reverse  effects  (effects  that  fade  away  when  the  field  is  turn  off) 
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is  particularly  attractive,  to  this  end  a  family  of  applicator  working  in  the  300  MHz  -  2.45  GHz 
frequency  band  was  designed  and  tested  in  order  to  expose  macromolecules  to  microwaves  and 
contemporary  control  the  conformational  change  of  the  structure  during  the  exposure.  In  all  the  devices 
is  possible  to  insert  two  fibre  optics  connected,  from  one  end,  to  the  spectophotometer  Lambda  25 
(Perkin  Helmer,  Wellesley,  USA)  while  the  other  end  was  in  contact  with  the  quartz  cuvette  containing 
the  sample. 


Device  design 

At  low  frequencies  (300  MHz  -  900  MHz)  the  applicator  was  a  coil  similar  to  that  used  in  [7].  It 
consisted  of  35  turns  with  a  cross  section  of  ~1  cm2  and  with  an  open  structure  in  the  middle  in  order  to 
allow  the  insertion,  perpendicularly  to  the  axis  coil,  of  two  teflon  cilinders  that  facilitate  accurate 
placement  of  the  fibre  optics  for  absorbance  measurements  (fig.l).  The  sample,  a  DNA  solution,  was 
contained  in  a  3mm  x  3mm  x  22  mm  quartz  cuvette  axially  inserted  into  the  coil.  Being  the  coil  an  open 
structure  it  was  possible  to  follow  both  the  increase  of  temperature  and  the  temperature  distribution  on 
the  sample  surface  by  means  of  an  infrared  thermocamera  (ThermoVision  A40M,  Flir  System,  North 
Billerica,  Boston,  USA). 


Fig.l  Exposure  setup  at  300  MHz  and  900  MHz 

Another  applicator  was  designed  in  order  to  expose  samples  at  1.95  GHz,  which  is  an  up-link  frequency 
of  universal  mobile  telecommunication  systems  (UMTS).  It  was  a  rectangular  thermostated  waveguide 
(WR  430:  109.2  mm  x  54.6  mm).  The  feeding  end  of  the  waveguide  was  a  coax  waveguide  adapter 
Maury  Microwave  R213A2  (VSWR  <  1.05)  while  on  the  other  side  a  fixed  short  circuit  (SC) 
termination  was  adopted.  The  sample  was  positioned  in  a  maximum  of  the  unperturbed  field  and 
inserted  into  a  teflon  support  which  allowed  the  fibre  optics  (fig. 2)  insertion. 
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Fig. 2  Cuvette  inserted  into  a  WR430  waveguide  and  fibre  optics  holder 
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Finally  a  thermostated  rectangular  waveguide  cavity  (72  mm  x  33.8  mm  x  340  mm),  coupled  to  the 
coax-adapter  waveguide  by  means  an  inductive  diaphragm  and  excited  by  a  2.47  GHz  radiation  (fig. 3), 
allowed  the  exposure  of  the  samples  to  the  only  magnetic  field.  In  fact,  sample  size  (35  mm  x  10  mm  x 
1  mm)  and  position  (in  contact  with  the  short  circuit)  ensured  a  minimum  interaction  with  the  electric 
field  and  a  satisfactory  homogeneity  of  the  magnetic  field. 


Dosimetry 

Numerical  and  experimental  dosimetry  was  carried  out  in  order  to  assess  efficiency  and  field  uniformity 
into  the  sample.  The  efficiency  of  the  system  (the  ratio  between  the  absorbed  power,  Pa,and  the  incident 
power,  P0  ,  r|  =  Pa/P0)  and  the  absorbed  power  distribution  inside  the  samples  were  numerically  and 
experimentally  evaluated. 


Fig. 3  Exposure  setup  at  2.47  Ghz  for  magnetic  field  sample  exposures. 


In  particular  the  following  parameters  were  calculated  [8]: 

•  |  E1  (x,y,z)  |  :  the  local  electric  field  amplitude  per  unit  incident  power  [(V/m)/W].  This  was 
evaluated  at  each  node  of  the  computing  domain. 

•  SAR1  (x,y,z)  =  a  |  E1  |  2  /  2  p:  the  local  absorbed  power  per  unit  mass  and  per  unit  incident  power 
[(W/kg)/W].  This  is  also  the  local  specific  efficiency,  and  it  is  zero  outside  the  sample  (o  =  0). 

•  AV1:  the  average  SAR1  (x,y,z)  over  the  sample  [(W/kg)/W]. 

•  SD1:  the  standard  deviation  of  SAR’(x,y,z)  values 

•  CV  =  SO'/AV1:  the  coefficient  of  variation  [9]  is  usually  taken  [10]  as  the  “nonuniformity  degree”of 
the  SAR1  (P0  =  1  W)  values.  The  SAR  (any  P0)  nonuniformity  degree,  SD/AV,  is  the  same  as  CV  = 

sd'/av1. 

The  local  SAR  values  were  calculated  from  the  slope  of  the  heating  curves  [11],  T(t),  at  t  =  0,  as:  SAR 
=  c  dT/dt|t=0  (c  being  the  sample  specific  heat;  t=0  is  the  starting  time  of  radiofrequency  radiation). 

The  efficiency,  r|=  Pa/Po,  was  evaluated  by  measuring  the  reflection  coefficient  (.?//)  [12]  of  the 
exposure  chamber  loaded  by  the  samples  by  means  of  a  microwave  vector  network  analyzer  (Wiltron- 

I  |2 

Anritsu  37269B,  Japan)  over  the  working  band,  being  /]  =  \  —  A  ,  .In  the  case  of  the  cavity  the  power 

absorbed  by  the  samples  was  calculated  by  means  of  the  measurements  of  the  unloaded  and  loaded 
Quality  factor  [12]. 
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Results 

The  efficiency  simulated  was  successfully  verified  through  measurements  of  the  scattering  parameters; 
as  well  as  the  nonuniformity  degree  was  checked  and  confirmed  by  means  of  local  temperature 
measurements  using  both  the  infrared  thermocamera  and  the  fibre  optic  thermometer. 

The  possibility  of  following  the  conformational  change  of  the  molecule  was  obtained.  In  particular  we 
observed  as  [7]  that  a  DNA  double  helix,  with  a  gold  nanocrystal  covalently  attached,  was  opened  up 
and  closed  back  upon  exposition  to  an  oscillating  RF  signal  (~1  GHz),  i.e.,  the  electromagnetic  field 
denaturated  and  renaturated  the  double-helical  DNA.  The  extreme  simplicity  of  assembly  and  operation 
of  our  devices,  which  resulted  to  be  low  cost  and  with  an  optical  equipment  that  is  commonly  used  in 
bio-chemical  laboratory,  makes  them  easily  available  and  particularly  interesting  for  studies  about 
interaction  mechanisms  between  biological  structures  and  electromagnetic  fields. 
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Abstract 

This  study  was  carried  out  to  evaluate  whether  or  not  albumin  leakage  and  degenerated  dark  neurons  were 
indeed  present  in  rat  brains  of  50  days  after  a  single  2  hour-exposure  to  915MHz  electromagnetic  field  (EMF)  as 
reported  earlier  by  Salford  et  al.  Thirty  two  male  F344  rats  (12  weeks  old)  were  used  in  the  present  study  and 
they  were  exposed  to  915MFlz  EMF  at  0,  0.02,  0.2  and  2.0  W/Kg  of  whole  body  averaged  SAR  in  a  TEM  cell 
for  two  hours  as  protocols  described  by  Salford  et  al.  The  rats  were  killed  50  days  later  by  a  trans-cardiac 
perfusion  technique  with  4%  PFA  fixative  solution  under  a  deep  anesthetic  condition.  The  brains  were  examined 
histologically  and  immunohistochemically.  As  results,  degenerated  dark  neurons,  which  were  studied  by  Cresyl 
violet,  FIE  and  Fluoro  Jade  B  stainings  were  only  rarely  present  in  small  numbers  with  no  statistically  significant 
difference  between  exposed  and  sham  exposed  animals.  In  addition,  no  albumin  immunoreactivity  was  observed 
anywhere  even  in  any  exposed  groups.  We  must  conclude  thus  that  the  data  reported  by  Salford  et  al  can  not  be 
confirmed  by  the  present  confirmation  study. 


Introduction 

Since  Salford  et  al.  found  that  albumin  leakage  sites  and  increase  in  appearance  of  degenerated  neurons 
presented  in  the  rat  brain  50  days  after  a  single  2  hours-exposure  to  radiofrequency  electromagnetic  field  (RF- 
EMF),  many  research  groups  have  tried  to  confirm  Salford’s  results.  However,  there  were  few  confirmation 
studies  performed  using  the  same  exposure  system,  endpoints,  and  experimental  schedule.  Therefore,  the  aim  of 
present  study  was  to  confirm  their  reported  results  using  a  similar  experimental  design  they  used. 

Thirty  two  male  F344  rats  (12  weeks  old)  were  used  in  the  present  study.  The  rat  placed  in  an  acrylic  box 
was  set  only  on  the  upper  side  of  the  TEM-cell  (Fig.  1)  and  was  exposed  to  915MHz  EMF  at  0,  0.02,  0.2  and  2.0 
W/Kg  of  whole  body  averaged  SAR  for  two  hours  as  protocols  described  by  Salford  et  al..  To  know  the  whole 
body  averaged  SAR  value  that  actually  irradiated  to  the  rat,  we  measured  input,  output,  and  reflected  power 
using  a  power  meter. 

The  rats  were  killed  50  days  later  by  a  trans-cardiac  perfusion  technique  with  4%  PFA  fixative  solution  under 
a  deep  anesthetic  condition.  In  the  three  selected  sections  of  the  brain  (Fig.  2),  albumin  leakage  sites  were 
examined  using  immunohistochemistry  of  albumin.  Furthermore,  the  appearance  of  degenerated  neurons  was 
evaluated  using  Cresyl  violet,  HE  and  Fluoro  Jade  B  staining.  We  used  a  cold  injury  method  for  making  positive 
control.  A  piece  of  dry  ice  was  put  on  the  skull  of  the  rat  for  5  min.  Brown  stained  area  was  observed  in  positive 
control. 

Degenerated  dark  neurons,  which  were  studied  by  Cresyl  violet,  HE  and  Fluoro  Jade  B  staining  were  only 
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rarely  present  in  small  numbers  with  no  statistically  significant  difference  between  exposed  and  sham  exposed 
animals.  In  addition,  no  albumin  immunoreactivity  was  observed  anywhere  even  in  any  exposed  groups  (Fig.  3). 


Summary 

We  must  conclude  thus  that  the  data  reported  by  Salford  et  al  can  not  be  confirmed  by  the  present 
confirmation  study. 
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Fig.  1.  Exposure  system  (A)TEM-cell  was  used  in  the  present  experiment.  Input,  output,  and  reflected  power 
were  measured  by  a  power  meter  through  RF  exposure.  Whole  body  averaged  SAR  values  were  calculated  these 
measured  powers  and  rat  body  weights.  (B)Rat  placed  in  an  acrylic  box  was  set  only  on  the  upper  side  of  the 
TEM-cell. 


Fig.  2.  Evaluated  brain  section.  Three  regions  of  the  brain  were  selected  for  histological  evaluation.  Section  1, 
2,  and  3  are  typical  region  including  third  ventricule,  hippocampus,  and  pineal  body,  respectively. 
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Fig.  3.  Typical  photographs  of  albumin  immunohistochemistry.  Albumin  leakage  sites  were  examined  using 
anti-albumin  antibody  in  the  brain  50  days  after  RF  exposure.  Positive  control  was  made  by  a  cold  injury 
method.  A  piece  of  dry  ice  was  put  on  the  skull  of  the  rat  for  5  min.  Brown  stained  area  was  observed  in  Positive 
control.  On  the  other  hand,  no  stained  area  was  seen  in  any  exposed  groups. 
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Abstract 

On  the  background  of  an  accentuated  risk  perception  of  Romanian  citizens  to  the  radiofrequency  (RF)  radiation 
emitted  by  GSM  base  station  antennas,  we  present  the  general  situation  in  our  country  and  results  of  a  little  scale 
measurement  campaign  we  made  for  RF  exposure  assessment.  The  frequency  selective  method  was  used,  the 
refinement  of  the  methodology  is  discussed  and  results  are  presented  and  commented.  All  measurements  showed 
that  urban  outdoor  and  indoor  RF  exposure  is  low  comparative  to  the  limits  given  in  the  ICNIRP  guidelines  that 
are  applied  in  our  country.  We  suggest  for  good  quality  exposure  assessment  and  the  need  for  a  possibility  to 
select  between  different  RF  sources  radiation  contribution  in  connection  to  further  health  impact  studies. 

Keywords:  RF  exposure,  frequency  selective  method,  measurement  methodology,  risk  assessment 


Introduction 

Passed  years  in  bioelectromagnetics  research  show  that  scientists  cannot  yet  exclude  the  possibility  that 
electromagnetic  fields  (EMFs),  especially  radio  frequency  (RF)  and  microwaves  (MW)  can  cause  health  problems, 
even  for  exposure  levels  lower  than  the  ones  stipulated  in  present  exposure  standards.  One  of  the  challenges  of  RF 
bioelectromagnetics  remains  the  clear  demonstration  of  the  existence  of  athermal  or  nonthermal  effects  of  RF/MW, 
since  safety  standards  consider  only  the  thermal  biological  effects  as  hazardous,  when  they  give  the  basic  restrictions 
and  the  reference  levels  in  conformity  [1],  [2], 

Exposure  standards  harmonization  is  not  yet  accomplished  at  international  level,  as  with  the  efforts  supported  by 
the  International  EMF  Project  of  World  Flealth  Organization.  In  the  two  most  known  regulations,  i.e.  ICNIRP 
guidelines  [1]  and  IEEE  standard  C95. 1-2005  [2],  the  establishment  of  the  maximum  permissible  exposure  limits 
is  given  in  different  ways:  IEEE  limits  are  based  on  spatial  averaging  of  the  incident  field  over  the  standing 
person’s  projection  area,  while  ICNIRP  refers  to  peak-field  limits  instead.  A  sensible  aspect  is  that  standard 
recommendations  are  based  on  short-term  exposure.  Of  a  special  interest  in  present  standardization  are  the 
problems  concerning  mobile  and  wireless  communication  systems,  due  to  the  rapid  and  huge  spreading  of  this 
kind  of  RF  radiation  sources  in  the  environment.  In  Europe  there  are  countries  that  didn’t  adopted  the  ICNIRP 
reference  levels  for  human  exposure,  but  more  stricter  ones,  as  for  example  Italy  and  Switzerland,  with  specific 
rules  for  the  base  station  transceivers  (BTS)  in  mobile  telephony  systems.  China  and  Russia  are  similar 
examples,  which  didn’t  adopted  international  guidelines,  but  due  to  a  different  rationale  of  the  limits  calculation. 
A  debate  is  still  going  on  from  years,  in  many  countries,  on  the  application  of  the  precautionary  principle  [3], 
regarding  the  sensitive  problem  of  BTS  sitting  and  only  some  local  authorities  in  Italy,  Switzerland  and  Belgium 
really  apply  it.  Coming  to  citizens  and  media  level,  the  situation  is  even  more  complicated,  since,  for  example, 
neither  can  people  be  involved  in  BTS  sitting  decision,  nor  have  they  the  right  to  be  informed  of  the  (expected) 
EMF  exposure. 

In  Romania,  the  adopted  limits  for  human  exposure  are  those  given  in  the  ICNIRP  guidelines  [1].  European 
regulations  [4], [5],  were  applied  starting  with  2002.  That  year  the  Romanian  Health  Ministry  issued  the  Order 
no.  1007/13.12.2002  referring  to  the  regulations  on  admissible  exposure  limits  and  the  measurement 
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methodology,  order  that  follows  the  European  Directive  no.  199/519/EC.  General  norms  for  work  safety  no. 
880/06.12.2002  offer  supplementary  rules  on  working  places  in  electromagnetic  environment. 

In  the  present,  in  Romania  there  are  four  public  mobile  communication  operators:  Vodafone  (GSM  900MElz  and 
3G-UMTS  2GHz),  Orange  (GSM  900MHz  and  3G-EDGE  2GHz),  Telemobil  -  Zapp  (CDMA  and  EV-DO  450 
MElz)  and  Cosmote  (DCS  1800MElz).  3G  UMTS  services  were  recently  launched  in  Romania  by  Vodafone  - 
April  2006  and  Orange  -  June  2006.  The  present  number  of  mobile  telephone  users  in  Romania  is  about  12 
million,  for  a  total  population  of  22  million  people  (approx.  55%  of  the  population). 

Mobile  phone  BTS  antennas  debate  have  become  of  unprecedented  intense  public  health  concern  in  Romania 
in  the  last  period,  starting  with  the  end  of  2005.  Numerous  journals  at  central  and  local  level  published  articles 
on  the  issue  under  the  pressure  of  citizens  [6].  Numerous  population  complaints  were  received  at  Local 
Consumer  Protection  Agencies,  Environmental  Agencies  and  Guards.  As  a  result,  some  local  authorities  adopted 
decisions  for  national  budget  financial  support  of  EMF  measurements  campaigns  in  2006  (first  one  in  Cluj 
county,  March  2006  [7]).  Most  of  the  newspaper  articles  and  media  news  were  published/broadcasted  starting 
with  January  2006  and  focused  on  reported  health  state  impair  (even  cancer-related  cases  -  one  in  Oradea  city, 
the  second  in  Sibiu  city)  and  complaints  on  BTS  sitting  on  the  blocks  and  private  gardens  (population  protests  in 
2  counties:  Sibiu  and  Zalau).  At  least  2  titles  in  newspapers  refer  to  BTS  antennas  as  a  second  “Tchemobil”,  by 
comparison  to  the  nuclear  threat.  Two  private  judicial  processes  are  mentioned  in  media,  won  by  the 
complaining  persons  against  mobile  telephony  operators.  One  hospital  (County  Hospital  Salaj)  cancelled  its 
contract  to  a  mobile  phone  operator  in  order  to  renounce  to  the  antenna  mounted  on  the  hospital’s  roof.  The 
National  Consumers  Protection  Agency,  which  received  tens  of  protests  and  complaints  in  2006,  decided  to 
demand  the  Town  (Local)  Councils  in  the  country  to  adopt  decisions  that  forbid  further  BTS  sitting  on 
residential  buildings.  The  Agency  is  preparing  a  well  documented  file  on  the  issue.  On  the  other  hand,  Romanian 
Government  recognised  the  potential  hazard  of  BTS  antenna  sitting  (even  mounted  on  its  own  building),  by 
issuing  the  Ordinance  no.  2/12.01.2006,  on  supplementary  financial  rights  for  hazardous  workplace  conditions 
(specific  RF  emissions)  of  public  functionary,  in  a  quote  of  10%  from  the  base  salary.  The  authorised 
institutions  for  measurements  of  EMF  emissions  in  Romania  are:  the  Public  Health  Direction  with  its  local 
institutions,  Ministry  of  Defence  Health  Direction  and  Ministry  of  Transportation  Health  Direction. 
Measurements  made  till  the  end  of  2005  in  our  country  were  done  in  the  majority  by  using  wideband  survey 
meters  type  EMR-300  and  Narda-8718.  Relevant  information  on  GSM  topic  is  available  to  the  public  via  the 
ACER  Bulletin  and  ACER  website  (ACER  is  the  Romanian  Electromagnetic  Compatibility  Association  - 
http://www.acero.ro),  GSM  Magazine,  mobile  telephony  company  websites  and  the  press  (which  features  related 
international  press  reports). 

On  this  background,  our  study  aimed  to  prepare  for  a  reliable  measurement  campaign  of  residential  exposure. 
This  is  needed  from  at  least  two  essential  perspectives:  a)  compliance  testing  of  BTS  antennas  and  other  RF 
emission  sources  and  in  situ  measurements,  according  to  present  methodology  [5],  [8]  and  standards;  b)  accurate 
assessment  of  frequency-selective  RF  exposure,  that  should  be  considered  from  the  view  of  the  finding  that 
biological  effects  depend  on  the  carrier  frequency,  as  recently  proved  in  the  mobile  communication  band  [9]. 

We  had  two  principal  objectives:  a)  refinement  of  the  measurement  methodology  in  accordance  to  the  aim  of  the 
measurement;  b)  exposure  assessment  due  to  RF  sources,  especially  GSM  BTS  antennas  and  comparison 
between  quotients  afferent  to  different  sources. 

The  measurements  were  made  by  using  the  frequency-selective  method  (spectrum  analyser  with  isotropic 
antenna)  in  a  number  of  outdoor  and  indoor  locations,  urban  and  extra-urban  places,  for  different  settings  of  the 
measurement  system. 


Materials  and  methods 

As  for  ICNIRP  guidelines  requirements,  the  principal  need  is  that  the  measurement  system  be  a  frequency 
selective  one.  The  equipment  must  also  be  sensitive  enough,  must  allow  averaging  the  values  over  any  6  minutes 
in  time  and  averaging  in  space,  considering  the  volume  of  the  human  body  respectively  the  interesting  areas  of  it. 
It  is  essential  to  use  procedures  that  allow  measurements  with  low  uncertainty  and  good  reproducibility  [10], 
[11]. 

The  equipment  we  used  for  most  of  the  measurements  was  the  TS-EMF  system  by  Rohde  &  Schwarz, 
Germany.  At  some  point  we  also  used  the  Field  Nose  System  by  Austrian  Research  Centre  in  Seibersdorf,  which 
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also  helped  in  comparison  of  the  same  measurement  results  during  one  session.  The  TS-EMF  system  is 
composed  by  the  R&S  FSH3  spectrum  analyser,  an  isotropic  sensor  (30MFlz  to  3GFlz)  and  the  computer 
software  R&S  RFEX  for  data  acquisition  and  settings  management.  The  tri-axis  sensor  has  got  an  isotropic 
characteristic  so  the  measurement  is  done  independent  from  direction  or  polarization  of  the  emitter.  This  makes 
measurements  easier.  In  contrast  to  directional  antennas,  it  is  no  longer  necessary  to  move  the  antenna  for 
covering  all  directions  and  polarization.  The  Field  Nose  System  uses  the  proven  Add3D  technique  to  conduct 
precise  measurements  and  is  composed  by  an  Anritsu  M2711D  spectrum  analyzer  with  a  broadband 
omnidirectional  precision  conical  dipole  PCD8250  as  measurement  antenna  (80MHz  to  2.5GHz),  driven  by  Nose 
Basic  software.  The  antenna  is  consecutively  positioned  in  three  orthogonal  directions  during  the  measurement, 
by  a  software-driven  rotor.  A  picture  of  the  two  measurement  systems  is  presented  in  fig.  1 . 


Figure  I  -TS-EMF  system  by  Rohde&Schwarz  (left,  “spherical  antenna”)  and  Field  Nose  System  by  ARCS 

Seibersdorf,  (right,  “biconical  dipole”). 


Reproducible  time  averaging  method  with  well  known  uncertainty  estimation  can  be  performed  on  one  single 
point  in  the  area  of  interest.  Different  measurement  modes  were  possible  and  applied:  a)  single  measurement;  b) 
average  and  peak  (e.g.  6  minutes  average);  c)  long  term  (e.g.  determination  of  time  variations  of  the  signals).  The 
most  used  was  the  average  &  peak  measurements.  To  increase  the  sensitivity  of  the  TS-EMF  system,  the 
function  Threshold-Calibration  can  be  introduced,  and  in  all  measurements  this  was  applied. 

The  measurement  protocol  took  into  account  the  objectives  of  the  research  which  was  either  compliance 
verification,  or  in  situ  measurements  [10]-[12].  We  followed  the  measurement  methods  described  in  [5]  and  [8]. 
No  a-priori  knowledge  was  available  regarding  sources  emissions  or  the  environment.  The  general  scheme  for 
compliance  verification  was  not  completely  followed,  since  no  simulation  was  made  prior  to  measurements  and 
no  measurement  with  broadband  field  probe  was  prior  made.  The  measurements  were  executed  by  means  of  the 
frequency-selective  system,  in  urban  and  extra-urban  locations,  either  outdoor  or  indoor.  The  choice  of 
measurement  points  (location  and  number  of  points)  was  in  accordance  with  the  general  considerations  in  [5], 
Refinement  of  the  measurements  by  settings  modification  was  made  in  most  locations,  in  order  to  consider  the 
“worst  case”  exposure.  Processing  of  measured  data  and  final  report  followed  each  measurement. 

For  the  major  services,  the  TS-EMF  system  offers  pre -defined  measurement  packets.  This  should  insure 
optimum  settings  for  evaluation  according  to  single  frequencies,  complete  services  and  total  emission.  However, 
at  least  in  the  case  of  GSM  measurements,  personally  defined  packets/settings  were  also  prepared,  since  we  need 
to  refine  the  measurements.  Comparison  between  results  obtained  with  different  settings  will  be  presented  and 
discussed.  Data  presentation  of  the  measured  emissions  (field  strength,  power  density  or  exposure  ratio  -  %o  of 
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ICNIRP  limit)  was  possible  as  a  sum  value  and  can  be  split  into  frequency  bands  if  necessary.  Detected  signal 
spectrum  and  histograms  may  be  represented. 

All  measurements  were  made  fully-automatic  using  the  R&S  software  RFEX  and  they  were  performed  inside 
macrocells  and  mostly  outdoor.  The  ten  locations  chosen  for  measurements  were  situated  in  intra-urban  highly 
populated  areas,  and  only  in  two  cases  it  was  situated  remote  from  the  city.  All  were  positioned  in  the  vicinity  of 
the  transmitter  sites,  the  distance  between  the  measurement  system  and  the  base  stations  being  from  40  to  500m. 


Results  and  Discussion 

A.  Refinement  of  the  measurement  methodology: 

Residential  exposure  assessment,  if  highly  accurate,  is  a  complex  task.  It  should  take  into  account: 
position  of  the  spot  measurement; 
signal  characteristics  and  variations  in  time  and  space; 
environment  impact  thru  physical  influences  (fast  fading,  etc.) 

However,  since  in  the  great  majority  the  population  partial  exposure  quotients  due  to  various  RF  signals  proved 
to  be  much  lower  than  that  stipulated  in  standards  (for  example,  for  BTS  antennas  generally  the  measured  power 
density  levels  are  «10%  from  the  reference  levels,  [13]),  the  question  of  optimum  settings  of  a  measurement 
system  may  be  not  so  important.  But  if  one  is  more  sceptical  regarding  fundaments  that  conducted  to  present 
“safe”  reference  levels  in  standards,  than  he  might  always  keep  in  mind  that: 

not  only  RF/MW  heating  may  be  responsible  for  health  hazards,  but  also  athermal/nonthermal 

mechanisms  of  interaction  could  trigger  a  biological  response; 

long  term  exposure  was  not  the  basis  of  standard  value  considerations; 

“frequency  windows”  were  proved  to  exist  in  connection  to  specific  biological  responses, 
and  then  the  optimum  settings  of  a  system  may  crucially  influence  the  results  of  the  exposure  assessments  and 
further  epidemiological  findings. 

In  this  respect,  it  is  of  big  importance  to  correctly  set  the  resolution  bandwidth  (RBW),  sweep  rate  (SR)  and 
detector  type  (DT)  [14],  in  function  of  the  measured  signal.  Secondary,  in  the  case  of  GSM  signal  for  example, 
the  resolution  of  adjacent  channels  and  the  effect  of  number  of  active  time  slots  should  be  attentively  considered. 
We  made  measurements  to  compare  results,  while  modifying  different  setting  parameters.  As  an  example,  we 
show  here  the  consequences  of  modification  of  “Trace  mode”  (TM)  and  “Detector  type”  (DT)  on  the  results 
obtained  in  the  case  of  a  GSM  900MHz  signal  measured  in  one  indoor  location,  with  conserving  all  the  interior 
environmental  conditions  the  same,  and  all  other  system  settings.  The  results  are  showed  in  table  I  and  were 
obtained  for  a  series  of  10  consecutively  measurements  for  each  setting.  For  these  measurements,  the  commune 
settings  of  TS-EMF  system  were:  RBW=200kHz;  Span=30MHz;  Reference  level=91  dBpV;  Dwell  time=5s. 

Table  I :  Influence  of  trace  mode  (TM)  and  detector  type  (DT)  of  the  measurement  settings  on  the  results 


TM  =  Clear/Write 

DT  =  RMS 

TM  =  Max  hold 

DT  =  Positive  peak 

TM  =  Max  hold 

DT  =  RMS 

Average 

Peak 

Average 

Peak 

Average 

Peak 

Total  field 
strength, 
RMS, 
(V/m) 

0.141  +  0.005 

0.190+  0.004 

0.510  +  0.004 

0.720+0.003 

0.091+  0.003 

0.110  +  0.006 

Max  single 
value  (V/m) 

0.050+0.003 

0.050+  0.002 

0.082  +  0.002 

0.111  +  0.003 

0.051+  0.002 

0.050  +  0.004 

“Max  hold”  setting  is  generally  used  for  worst  case  when  time  variations  of  the  signal  are  present.  “Positive  peak 
detector”  represents  also  a  worst  case,  but  it  may  give  over-rated  values.  “RMS”  detector  is  usually  used  for  non- 
sinusoidal  signals  to  correctly  derive  the  average  signal  power  (it  is  especially  used  for  UMTS  mobile  signals). 
As  one  can  observe  in  the  table  above,  the  combination  “Max  hold”  +  ’’Positive  peak  detector”  will  give  the 
worst  case  assessment  possible.  The  values  in  this  case  are  approximately  5  times  larger  in  the  case  of  total  field 
strength  then  the  ones  obtained  with  the  setting  “Max  hold”  +  “RMS  detector”  and  about  3.5  times  higher  than 
the  ones  with  the  setting  “Clear/Write”  +  “RMS  detector”.  However,  these  values  may  be  overestimated.  The 
results  repeated  as  well  for  measurements  on  GSM  1800  signals.  We  could  then  conclude  about  the  “worst  case” 
settings.  Due  to  these  observations,  most  of  the  compliance  testing  or  in  situ  measurements  made  by  us  for 
GSM900  and  GSM1800  signals  were  done  by  using  the  intermediary  setting,  “Clear/Write”  +  “RMS  detector”. 
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Moreover,  we  were  able  to  observe  that  a  lower  RBW,  for  example  one  of  30kHz,  is  a  better  choice  for  “worst 
case”  measurement.  This  setting  should  be  completed  by  a  sufficiently  low  sweep  rate  (long  dwell  time, 
thousands  of  milliseconds),  or  even  better,  multiple  sweeps,  so  that  the  independence  of  the  result  upon  the 
instantaneous  traffic  on  a  GSM  signal  to  be  assured. 

As  a  result  of  lots  of  GSM  measurement  sessions,  we  were  able  to  conclude  that  it  is  practically  impossible  to 
predict  positions  in  space  where  hot  spots  of  field  distribution  will  appear,  either  outdoor  or  indoor.  Time 
evolution  of  the  field  level  is  only  predictable  on  the  basis  of  traffic  diminution  in  the  late  time  hours,  but 
otherwise  is  low-predictable  also.  Special  aspects  for  further  refinement  of  measurement  methodology  should 
focus  on  frequency  hopping  and  power  control  of  BTS. 

B.  Compliance  testing  and  in  situ  measurement  results: 

Peak  values  measured  in  some  outdoor  locations  for  GSM900  signals  are  given  bellow.  Locations  1  and  2  are 
urban  locations,  while  location  3  is  extra-urban.  In  figure  2  -  a,b,c  one  can  visualise  these  locations.  The  settings 
of  the  TS-EMF  system  were:  Trace  Mode:Clear/Write;  Detector:  RMS;  RBW=200kHz,  span=30  MHz,  Dwell 
time=5000ms.  Power  density  (S)  peak  values  measured  in  the  3  locations  exampled  in  fig.  2  are: 

Sipeak=(9.66  ±  2.73)xl0"5  W/m2 
S2peak=(23.00  ±  5.51)xl0"5  W/m2 
S3peak=(62.00±  13.54)xl0"5  W/m2 


a  -  Loc.  1 


b  -  Loc.  2 


Figure  2  -  Locations  of  outdoor  measurements  for 
GSM900  signals 


c  -  Loc.  3 


The  maximum  peak  value  measured  outdoor  during  the  campaign  either  for  GSM  900  or  for  GSM  1800,  was 
Smaxpeak=  lOOxlO"5  W/m2,  which  is  also  far  beyond  ICNIRP  reference  levels.  The  reference  levels  are:  for 
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GSM900,  Sref=4.5  W/m2  and  for  GSM1800,  Sref=9  W/m2.  They  are  equivalent,  for  the  E-field  RMS  value,  to 
Erei=42  V/m  for  GSM900  and  Eref=58  V/m  for  GSM1 800. 

Average  values  for  GSM  packets  measured  in  location  2  (fig.  1),  at  a  later  date,  are  given  in  table  II.  The  location 
of  the  measurement  is  very  central  in  the  city.  In  table  II,  ER  is  the  exposure  ratio  (=E2/L2  where  L  is  the  E-field 
limit  given  in  standard).  The  values  were  obtained  by  “peak/average”  menu  of  RFEX  software,  the  averaging 
being  made  on  6  minutes  of  continuous  scan.  The  scans  alternatively  changed  from  packet  GSM900  to  packet 
GSM1800.  One  can  see  from  table  II  that  the  field  levels  are  very  low  comparative  to  the  reference  levels.  In 
figure  3  -  a,b,  a  sample  of  the  spectrum  of  measured  GSM  signals  is  given.  Figure  4a  shows  a  comparison  of  the 
prevalence  of  the  two  RF  signals  measured  in  location  no.  2  as  average  exposure  quotients  (%o  of  ICNIRP 
limits).  In  figure  4b,  exposure  quotients  are  represented  for  all  significant  RF  signals  present  in  the  environment 
at  the  position  of  location  no.  2.  We  used  the  prefigured  packets  with  afferent  settings  offered  by  RFEX  software 
itself  for  the  measured  bands.  From  fig.  4  one  can  outline  that  GSM  900  contribution  is  not  much  higher  than 
“UKW”  band  or  than  “All  200M”  band.  In  fact  “UKW  band”  and  “All  200M”  band  are  the  same,  but  have 
different  analysis  settings.  “UKW  band”  covers  frequencies  between  87.6  -  106.3  MHz,  with  the  following 
settings:  Trace  Mode  /  Detector:  Max  Hold  /  RMS,  RBW=100kHz,  Span=7.5  MHz,  Dwell  time=1000ms,  while 
“All  200M”  band  covers  emissions  in  the  88-106  MHz  band,  with  the  following  settings:  Trace  Mode  / 
Detector:  Max  Hold  /  RMS,  RBW=300kHz,  Span=45MHz,  Dwell  time=250ms.  From  histograms  corresponding 
to  the  two  similar  packets,  it  is  obvious  how  important  the  settings  are,  concerning  field  level  assessment. 


Table  II:  Values  of  average  E-field  RMS  values  for  GSM  signals  in  location  no. 2  from  fig.  1 
and  afferent  exposure  ratios: 


Packet 

Total  Field  (RMS)  [V/m] 

Total  ER  *  1000  [%o] 

FSH3  GSM  1800  bis 

0,1224 

0,0044 

FSH3  GSM900 

0,2815 

0,0443 

Sum 

0,3070 

0,0486 

Average:  FSH3  GSM900  (Spectrum) 


—  1.50E-01 

E 

E  1.00E-01 


5.00E-02 

-a 


t  l 

iJufcu. 

~  0.00E+00 

<A<5'<A<AAo''<a''<5'<Ao''A<A 


&  &  &  &  >  &  &  <&  <&  <&  #  # 


"JJ  JP  J^  Jf  JP  J?  Jo  JP  JP  Jo'  Jo- 

Op  Op  Op  O) •»  Op  Op  Op  Op  Op  Op  Op  Op 

f  /  MHz 


Average:  FSH3  GSM1800  bis  (Spectrum) 


—  8.00E-02 

E 

5  6.00E-02 


4.00E-02 


Aft - 


x$3  x<S3  fp  x<5?  X<S>  X<S>  XPP  x<£> 
nV  nV  nV  nV  nV  nV  Jf/  Jf/  Jo  Jo  Jo  Jf/ 
<b1'  v  v  V'  t1,  q?  qp  qp  qp  qp  qp 
Jr  \r  \r  \r  \r  \r  \r  \r  \r  \r 

f  /  MHz 


a)  GSM  900  b)  GSM  1800 

Figure  3  -  Spectrum  of  averaged  values  of  GSM  signals  measured  in  location  no.  2 


Average  values  of  total  field  and  total  exposure  ratios  for  measured  packets  from  above  are  given  in  table  III. 
Here  one  observes  a  significant  difference  of  the  values  corresponding  to  first  and  last  line  of  the  table 
respectively,  which  is  solely  due  to  system  settings,  and  once  more  outlines  the  findings  presented  in  part  A  of 
current  section  of  the  paper. 

Generally,  the  existence  of  a  large  number  of  scatterers  and  absorbing  objects  around  leads  to  a  highly  non- 
uniform  field  distribution  in  the  environment  of  BTS  antennas,  due  to  shadowing  and  fast  fading  effects.  Houses, 
trees,  cars  and  other  objects  lead  to  field  variations  that  can  only  be  determined  by  very  large  measurement 
campaigns.  The  buildings  cause  a  strong  shadowing  effect  so  the  field  distribution  is  very  heterogeneous  [15]  — 
[17]. 
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a)  GSM  bands  comparison  b)  all  RF  signals  comparison 

Figure  4  -  Flistogram  with  exposure  quotients  (%o  of  ICNIRP  limits)  corresponding  to  different  RF  signals 

measured  in  location  no.  2 

Table  III:  Values  of  average  E-field  RMS  values  for  various  RF  signals  measured  in  location  no. 2 
and  afferent  exposure  ratios: 


Packet 

Total  Field  (RMS)  [V/m] 

Total  ER  *  1000  [%„] 

FSH3  A11_200M 

0,1568 

0,0325 

FSH3  GSM  1800  bis 

0,1309 

0,0050 

FSH3  GSM900 

0,2941 

0,0483 

FSH3  TV  UHF 

0,0615 

0,0028 

FSH3  TV  VHF  III 

0,0000 

0,0000 

FSH3  UKW 

0,1876 

0,0466 

Sum 

0,4089 

0,1351 

Time  evolution  of  radiated  GSM  signals  was  also  studied  (long  term  measurements).  Two  examples  are 
illustrated  in  figure  5  a,b,  where  traffic  variations  and  trend  in  daytime,  as  a  function  of  hour,  can  be  seen  for  two 
indoor  sites,  situated  between  300-500m  distance  from  BTS  antennas.  For  fig.  4a,  the  measuring  location  was 
location  no.  2  from  fig.  1.  The  field  values  are  again  far  beyond  ICNIRP  references. 
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0  10  20  30  40  50 

Time  intervals  (start  hour=10:30,  sto  hour=15:22), 
each  interval  from  1  ...45  has  6  minute  duration 


a)  GSM  900  signal  trend  during  afternoon  hours;  b)  GSM  900  and  1800  signal  trends 

during  morning  hours 

Figure  5  -  Time  evolution  of  GSM  signals:  a)  GSM900,  measured  between  hours  14:46  and  19:27  in  one  indoor 
location;  b)  GSM900,  GSM1800  and  sum  of  them,  measured  between  hours  10:30-15:22,  in  a  second  indoor 

location 
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Other  indoor  measurements  were  made  in  some  sensitive  sites,  for  both  GSM  signals  and  also  for  other  RF 
signals  in  the  environment.  In  indoor  conditions  (inside  buildings),  the  field  distribution  is  even  more 
complicated.  It  may  happen  that  inside  a  room  volume,  the  E-field  strength  of  a  GSM  broadcast  channel  (BCCH) 
alone,  which  operates  permanently  and  on  the  same  power,  to  vary  from  point  to  point  inside  the  room  as  much 
as  +8  to  -  10  dB  from  the  average  value.  So  a  single  measurement  is  completely  non-representative  for  the 
exposure  scenario.  Field  variations  versus  time  caused  by  changes  of  the  power  of  traffic  channels,  the  stability 
of  BCCH’s  or  moving  scatterers  have  to  be  taken  into  account  in  order  to  determine  their  contribution  to  the 
uncertainty  of  exposure  assessment  [18].  The  search  for  maximum  field  level  is  a  very  crucial  point,  because  of 
the  need  of  comparison  to  the  limits  given  in  exposure  standards.  The  reproducibility  of  identified  maxima  is  one 
of  the  largest  problems,  due  to  field  variations  in  time  and  space.  In  this  context  it  is  important  to  say  that  the 
selection  of  the  location  for  performing  measurements  is  very  important. 

A  challenging  vista  with  regard  to  human  exposure  is  nowadays  the  wireless  devices  technologies  used  in  homes 
and  offices.  Several  new  wireless  connectivity  standards  and  technologies,  e.g.,  DECT,  Bluetooth,  IEEE  802.1 1, 
may  be  interesting  to  be  evaluated  from  human  safety  point  of  view.  In  present  paper  we  assessed  a  DWL- 
2100AP  2.4GHz  (802.1  lg)  Wireless  Access  Point  connected  to  the  ANT24-1201  Outdoor  antenna  (figure  6). 
The  antenna  is  mounted  on  the  window  frame  of  an  educational  institution,  as  seen  in  figure  6  and  has  a  peak 
output  power  of  lOOmW.  We  measured  the  field  level  in  the  far  field  of  the  antenna,  indoor,  starting  at  a  distance 
of  2  m  of  it.  As  in  other  cases,  a  non-predictable  distribution  of  the  E-field  was  achieved  inside  the  classroom, 
all  the  values  complying  with  the  ICNIRP  reference  levels.  At  distance  d=2m  from  antenna,  average  field  value 
over  12  minutes  was  E=0.21V/m,  representing  an  ER=0.01%o.  A  measurement  sample  spectrum  for  the  antenna 
is  presented  in  figure  7,  in  a  position  at  a  distance  d=3m.  The  settings  for  these  measurements  were:  Trace  Mode 
/  Detector:  Max  Hold  /  Max  peak,  RBW=1000kHz,  Span=150  MHz,  Dwell  time=1000ms.  Total  field  strength 
for  the  single  measurement  in  fig.  7  was  0.29V/m,  and  ER=0.02  %o. 


ANT24-1201  Outdoor  antenna, 
12dBi ,  H50/V50,  2.4  GHz 


DWL-2100AP  Highspeed 
2.4GHz  (802.1  lg)  Wireless  108Mbps 
Access  Point 


Figure  6  -  Measurement  of  indoor  field  emitted  by  a  801  l.g  technology  wireless  access  point  antenna  type 

ANT  24-1201. 


A  local  radio  broadcasting  antenna  radiation,  placed  in  a  residential  zone,  was  measured  in  the  neighbourhood 
zone,  as  seen  in  figure  8a.  The  Field  Nose  system  was  used  this  time.  FM  broadcasting  antenna  was  placed  on  a 
tower  at  about  30m  above  the  ground.  The  emitted  frequency  was  f=103.2  MHz.  The  system  settings  were: 
frequency  band=80  to  120  MHz;  max  peak  detector;  RBW  =  lOOKHz;  sweep  rate=  40MHz/s;  reference  level- 
20  dBm.  Measurements  were  made  at  2  different  heights  above  the  ground,  at  1.7  and  1.2  m  respectively,  at  a 
distance  of  about  50m  from  broadcasting  antenna.  E-field  strength  value  for  the  two  positions  were:  E[=2.2  V/m 
and  E2=2.6  V/m  respectively.  Spectrum  of  the  total  field  at  1.7  m  height  is  represented  in  fig.  8b.  The  reference 
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level  in  ICNIRP  guideline  for  this  frequency  is  E=28V/m.  In  these  conditions  ER~  10%  and  we  can  conlude 
that  this  case  represents  one  of  the  highest  exposures  measured  during  present  session.  Cumulating  with  other 
RF  sources  emissions  could  conduct  to  non-neglijible  exposure  but  still  considerably  under  ICNIRP  limits. 


wireless  2.4ghz  (Spectrum) 


&  <&  G^ 

^  ^  ^  ^  ^  ^  ^  ^  ^ 
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Figure  7  -  Spectrum  and  histogram  of  E-field  strength  for  wireless  point  outdoor  antenna 


Measurement  Data 


(a)  (b) 

Figure  8  -  RF  broadcasting  antenna  measured  by  Field  nose  system:  a)  position  in  respect  to  emissive  antenna; 
b)  total  E-field  spectrum  in  a  position  at  approx.  d=50m,  and  at  1.7  m  above  the  ground. 


Conclusion 

Risk  perception  accentuated  in  the  last  period  in  Romania  in  connection  to  RF  sources  emissions,  and  especially 
to  BTS  antennas.  We  consider  that  perceived  risk  differs  from  the  assessed  risk,  in  that  it  may  more  readily  be 
manipulated.  On  this  basis,  at  the  level  of  accredited  institutions  it  became  obvious  the  need  for  measurement 
campaigns.  Systematic  studies  to  evaluate  individual  exposure  of  different  parts  of  the  population  are  needed.  In 
this  regard,  at  the  level  of  each  county,  specific  measures  were  taken,  starting  with  financial  support  of 
measurement  campaigns  and  ending  to  risk  communication.  However,  fears  exist  that  precautionary  measures 
may  undermine  the  scientific  basis  for  the  established  exposure  limits.  In  this  view,  precautionary  measures  for 
EMFs  should  be  adopted  only  with  great  care.  The  national  Agency  for  Consumer’s  Protection  demanded  all 
Local  Town  Councils  to  refuse  further  sitting  of  BTS  antennas  on  blocks  or  residential  roofs.  The  same  agency 
prepares  a  well  documented  file  on  the  issue  and  the  Public  Health  Direction  and  Institutes  were  designated  to 
apply  specific  measures  for  exposure  assessment  and  reduction. 


1085 


MICLAUS  S.,  BECHET  P. 


Results  of  present  study  showed  the  importance  of  a  refined  measurement  methodology  from  the  perspective  that 
frequency  and/or  signal  specific  exposure  recently  turned  out  to  be  relevant,  so  exposure  due  to  base  stations 
might  be  important.  Biological  relevant  exposure  circumstances  are  of  great  interest  in  our  opinion. 
Contributions  from  other  RF  sources  have  also  to  be  taken  into  account.  The  reduce-scale  campaign  we 
developed  in  and  around  one  single  town  in  Romania,  showed  that  RF  exposure  of  citizens  is  reduced  reported  to 
regulations  limits.  A  key  concern  across  the  epidemiological  or  health-related  studies  should  be  the  quality  of 
assessment  of  RF  exposure.  Despite  the  ubiquity  of  new  technologies  using  RF,  little  is  known  about  population 
exposure  from  RF  sources  and  even  less  about  the  relative  importance  of  different  sources. 


Acknowledgement:  Present  research  was  funded  by  the  Romanian  Ministry  of  Education  and  Research  by  the 
CEEX  Programme  2005  /  CERES,  under  the  Contract  CEx  05-D1 1-54/10. 10.2005  with  Land  Forces  Academy, 
Sibiu,  Romania. 

References 

[1]  ICNIRP,  Guidelines  for  limiting  exposure  to  time-varying  electric,  magnetic,  and  electromagnetic  fields  (up 
to  300  GHz),  Health  Physics  74  (4),  pp.  494  -  522,  1998. 

[2] ,  IEEE  Standard  for  Safety  Levels  with  Respect  to  Human  Exposure  to  RF  Electromagnetic  Fields,  3kHz  to 
300GHz,  IEEE  Std.  C95. 1-2005. 

[3]  Wiedemann  P.M.,  SchiitzH.,  The  Precautionary  Principle  and  Risk  Perception:  Experimental  Studies  in  the 
EMF  Area,  Environmental  Health  Perspectives  VOLUME  1 13  |  NUMBER  4,  402-405,  April  2005 

4]  EUR-OP:  Council  Recommendation  of  12  July  1999  on  the  limitation  of  exposure  of  the  general  public  to 
electromagnetic  fields  (0  Hz  to  300  GHz)  1999/519/EC,  Official  J.  European  Communities,  Luxembourg,  1999. 

[5]  ECC  RECOMMENDATION  (02)04  revised,  Measuring  non-ionising  electromagnetic  radiation  (9kHz- 
300GHz),  October  2003. 

[6]  Personal  collection  of  newspapers  articles  (in  Romanian):  “Ziua”  newspaper  (issue  30  May  2006,  issue  31 
May  2006,  issue  5  June  2006,  issue  8  June  2006,  issue  20  July  2006),  “Jurnalul  National”  (issue  8  June  2006, 
issue  20  July  2006),  “Ziarul”  (issue  8  June  2006,  issue  22  July  2006),  “Tribuna  Sibiului”  (issue  18  January  2006, 
issue  20  July  2006,  issue  21  July  2006). 

[7]  Hotararea  nr.  234  din  28  martie  2006  a  Consiliului  Local  Cluj  Napoca  (in  romanian) 

[8]  Agence  Nationale  de  Frequences,  Protocole  de  mesure  in  situ,  Visant  a  verifier  pour  les  stations  emettrices 
fixes,  le  respect  des  limitations,  en  terme  de  niveaux  de  reference,  de  Texposition  du  public  aux  champs 
electromagnetiques  prevues  par  le  decret  n°  2002-775  du  3  mai  2002. 

[9]  Markova  E.,  Hillert  E.,  Malmgren  L.,  Persson  B.R.R.,  Belyaev  I.Y.,  Microwaves  from  GSM  Mobile 
Telephones  Affect  53BP1  and  -H2AX  Foci  in  Human  Lymphocytes  from  Hypersensitive  and  Healthy  Persons, 
Environmental  Health  Perspectives  VOLUME  1 13  |  NUMBER  9  ,  1172-1 177,  September  2005 

[10]  Mann  S.M.,  Cooper  T.G.,  Allen  S.G.,  Blackwell  R.P.,  Lowe  A.J.:  Exposure  to  Radio  Waves  near  Mobile 
Phone  Base  Stations,  Chilton,  Natl.  Rad.  Protect.  Board  Report-321,  2000. 

[11]  G.  Neubauer,  D.  Papameletiou,  T.  Samaras,  Y.  Hamnerius,  J.  Wiart,K.  Lamedschwandner,  Methods  to 
assess  exposure  of  the  population  next  to  mobile  communication  base  stations,  27th  triennial  General  Assembly 
of  the  International  Union  of  Radio  Science,  Maastricht,  2002. 

[12]  Milliner  W.,  Neubauer  G.,  Haider  H.,  Add3D,  a  new  technique  for  precise  power  flux  density  measurements 
at  mobile  communications  base  stations,  10th  Internat.  Fachmesse  und  Kongress  fur  EMV,  Diisseldorfi  pp  305- 
312.2002. 

[13]  Miclaus  S.,  Bechet  P.,  Goiceanu  C.,  Olariu  O.V.,  Demeter  S.,  Practical  issues  concerning  cellular  base 
station  emissions  and  population  exposure  in  Romania,  3rd  European  Medical  &  Biological  Engineering 
Conference,  Prague,  Czech  Republic,  20-25  Nov.  2005,  IFMBE  Proceedings  11  (1),  2005. 

[14]  C.  Olivier,  L.  Martens,  Optimal  Settings  for  Narrow-Band  Signal  Measurements  Used  for  Exposure 
Assessment  Around  GSM  Base  Stations  IEEE  Trans,  on  Instrumentation  and  Measurement,  vol.  54,  No.  1, 
pp. 311-317,  Febr.  2005. 

[15]  Preiner  P.,  Uberbacher  R.,  Kaczmarczyk  A.,  Neubauer  G.:  Evaluation  of  Electromagnetic  Field  Distributions  near 
Mobile  Communication  Base  Stations,  Proc.  COST  281  Workshop:  STM  Base  Station  Monitoring,  Vienna,  26-27  August 
2003. 

[16]  C.  Olivier,  L.  Martens,  EMF  measurements  around  base  stations:  Some  issues,  COST  281-STM  Base  Station 
Monitoring  Workshop,  Vienna,  26-27  Aug.  2003. 

[17]  G.  Neubauer,  H.  Haider,  K.  Lamedschwandner,  M.  Riederer,  R.  Coray,  Measurement  Methods  and  Legal  Requirements 
for  Exposure  Assessment  Next  to  GSM  Base  Stations,  International  Zurich  Symposium  on  EMC,  pp  143  -  147,  February 
2003. 

[18]  H.  Lehmann,  B.  Eicher,  P.  Fritschi,  Indoor  measurements  of  the  electrical  field  close  to  mobile  phone  base  stations, 
27th  triennial  General  Assembly  of  the  International  Union  of  Radio  Science,  Maastricht,  2002. 


1086 


LOW  POWER  MICROWAVE  RADIATION  EFFECTS  ON 

MAIZE  SEEDS 

RACUCIU  MIHAELA1*,  MICLAU§  SIMONA2 


1  ’’Lucian  Blaga“  University,  Faculty  of  Sciences,  Dr.  I.  Ratiu  Street,  No.5-7,  550012, 

Sibiu,  Romania,  mracuciu@yahoo.com 

2  Land  Forces  Academy  “N.  Balcescu”,  3-5  Revolutiei  Street,  550170,  Sibiu,  Romania 


Abstract 

In  this  study  young  plantlets,  obtained  from  the  control  and  microwave  irradiated  seeds,  were  studied  in 
laboratory  experiments.  The  electromagnetic  radiation  with  the  frequency  of  10.8GHz  was  generated  by  a 
microwave  generator,  based  on  a  rectangular  waveguide.  The  effective  incident  power  was  measured  to  be  of 
5.2mW.  The  maize  seeds  with  uniform  genophond  were  irradiated  one  at  a  time  inside  the  irradiation 
waveguide,  by  means  a  Teflon  cuvette,  with  different  exposure  times.  After  germination  the  young  plantlets 
growing  was  conducted  in  the  same  controlled  laboratory  conditions  and  the  culture  medium  of  young  plantlets 
was  daily  the  same  amount  of  deionized  water.  The  length  of  the  12  days  plantlets  was  measured  as  well  and 
statistical  analysis  was  performed  on  the  data.  Assimilatory  pigments  and  average  nucleic  acid  level  were  assayed 
of  12  days  old  plantlets,  by  spectrophotometric  methods  and  using  a  Perkin  -  Elmer  UV-VIS  spectrophotometer. 
The  data  provided  by  the  chlorophylls  ratio  (chlorophyll  a  /  chlorophyll  b)  measurement  offered  the  main 
insight  into  the  photosynthesis  complex  processes  since  they  revealed  the  response  of  the  LHC  II  system  (Light 
Harvesting  Complex  II),  associated  to  the  photosynthetic  system  II  from  the  tylakoidal  membranes,  to  the 
external  stress.  For  chlorophylls  ratio  a  slight  stimulatory  effect  was  noticed  for  shorter  time  exposures, 
suggesting  putative  stimulation  of  photosynthesis  process.  The  same  effect  was  registered  to  average  nucleic 
acid  level. 

Keywords:  low  power  microwave,  maize ,  plants  growth,  photoassimilatory  pigments,  nucleic  acids. 


Introduction 

The  effect  of  electromagnetic  microwave  irradiation  on  agricultural  crops  has  scarcely  been  studied  yet. 
For  decades  a  great  variety  of  living  beings  have  been  used  by  researchers  in  order  to  detect  possible  changes  in 
ecosystems.  Thirty  years  ago  two  Canadian  researchers  observed  a  deterioration  that  was  unpredictable  on  the 
plants  subjected  to  microwaves  (Tanner  and  Romero-Sierra)  [1]. 

Some  studies  on  the  effect  of  microwave  irradiation  (2.45  GHz)  on  seeds  were  conducted  and  detected 
an  enhanced  rate  of  germination  [2-4].  Bhaskara  Reddy  el  al.  [3-4]  used  the  microwave  range  (2.45  GHz)  on 
seeds  of  charlock,  wheat,  soybeans,  peas  and  rice  with  the  aim  of  pre-storage  destroying.  Yoshida  et  al.  [5-7] 
used  microwave  radiations  (2.45  GHz)  on  soybean,  peanut  and  sunflower  seeds  for  improving  the  triglycerides 
distribution  in  the  seed.  Studies  on  the  effect  of  electromagnetic  irradiation  of  the  microwave  range  on  seeds 
have  also  been  conducted  by  Aladjadjiyan  et.al.  [8]  and  Kalinin  et.al.  [9]. 

Recent  experiments  have  shown  that  exposure  to  radiation  emitted  from  a  global  system  for  mobile 
communication  (GSM)  telephone  followed  by  calcium  deprivation,  leads  to  meristem  production  in  flax 
seedlings  [10].  To  investigate  the  possibility  that  plants  may  be  affected  by  exposure  to  a  frequency  in  this  range 
some  investigators  used  radiation  with  105  GHz  frequency  at  non-thermal  levels  by  a  Gunn  oscillator  [11]. 
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As  well  known,  photosynthesis  is  a  very  complex  phenomenon  resulting  in  the  transformation  of  solar 
electromagnetic  energy  into  chemical  energy,  stored  in  organic  compounds,  synthesized  from  inorganic  carbon 
and  water.  The  study  of  assimilatory  pigments  from  plant  green  tissue  is  able  to  provide  information  upon  the 
capacity  of  solar  energy  conversion  at  the  level  of  chloroplast  membranes,  during  photosynthesis. 

In  this  paper  the  authors  present  some  quantitative  observations  of  microwave  radiations  exposure 
influence  of  seeds  on  the  growth  of  Zea  mays  (maize)  agrotechnical  plants. 


Materials  and  methods 


Young  plants,  obtained  from  the  control  and  microwave  irradiated  seeds,  were  studied  in  laboratory 
experiments.  The  electromagnetic  radiation  was  generated  by  a  microwave  generator,  based  on  a  rectangular 
short-ended  waveguide.  The  microwaves  were  generated  as  10.8  GHz  continuous  waves  modulated  by 
rectangular  pulses  with  a  duty  factor  of  Vi  at  a  repetition  frequency  of  1.75  kHz.  The  effective  incident  power 
was  measured  to  be  of  5.2  mW.  The  absorbed  microwave  power  inside  the  cuvette  was  estimated  at  0.20  mW, 
corresponding  to  an  average  specific  absorption  rate  of  1.33  W/kg.  The  maize  seeds  (plant  species  with  major 
role  in  people  life)  with  uniform  genophond  were  irradiated  one  at  a  time  inside  the  irradiation  waveguide,  by 
means  a  Teflon  cuvette,  with  different  exposure  times.  Batches  of  30  seeds  were  irradiated  for  5,  10,  15,  20,  40, 
60  and  120  minutes.  The  irradiated  seeds  germinated  in  deionized  water  on  porous  paper  support,  in  darkness 
and  closed  Petri  dishes.  After  germination  the  young  plantlets  growing  was  conducted  in  the  same  controlled 
laboratory  conditions  (temperature  (24°C),  illumination  (10  h:  14  h  light/dark  cycle)  and  90%  humidity)  and  the 
culture  medium  of  all  young  plantlets  groups  was  daily  the  same  amount  (10ml)  of  deionized  water. 

The  length  of  the  12  days  plantlets  was  measured  with  0.1  cm  precision  as  well  and  statistical  analysis 
was  performed  on  the  data. 

After  12  days  of  plantlets  growth,  spectrophoto metric  assays  were  accomplished:  the  content  of 
chlorophyll  a  and  chlorophyll  b  and  total  carotenoid  pigments  (Meyer-Berthenrath’s  method  modified  by 
§tirban  [12])  and  the  average  content  of  nucleic  acids  (Spirin’s  method  [13]).  The  spectral  device  was  a  Perkin- 
Elmer  spectrophotometer  UV-VIS  provided  with  quartz  cells. 

Green  tissue  harvested,  from  each  exposed  and  control  sample  (mixture  of  green  tissue  picked  up  from  all  the  30 
plantlets),  was  weighted,  crushed  and  mixed  with  the  same  volumes,  of  85%  acetone  in  deionized  water  for  the 
assimilatory  pigments  extraction  [12]  and  6%  perchloric  acid  for  nucleic  acid  extraction  [13],  being  further 
quantitatively  transferred  into  quoted  glass  tubes. 

The  levels  of  chlorophyll  a,  chlorophyll  b  and  total  carotenoid  pigments  may  be  calculated  with  the 
next  formulae  according  to  [12]: 

chla- 12,3 -A(663)- 0.86 -A(645) 

1000- d • w 

,  „  19,3 -A(645)- 3,6  •  A(663) 

chib  = - 1 1  •  V  , 

1000-dw 


10-A(472) 

2485 • d • w 

while  the  average  content  of  DNA  and  RNA  is  given  by  the  relation  [13]: 

E(270)-E(290)V 
0.19  w 


where:  w-the  fresh  vegetal  sample  mass,  V-the  extract  volume;  A(  A,)-the  light  absorption  to  the  wavelength  X  ; 
d-the  quartz  cell  width. 

Three  repetitions  of  each  spectrophotometric  assay  have  been  accomplished.  Statistic  analysis  was  accomplished 
by  means  of  average  values,  standard  deviations  and  f-test  (two  tails,  pair  type)  considering  the  significance 
criterion  of  0.05. 


Results  and  discussions 

The  average  lengths  and  the  standard  deviations  were  calculated  for  each  batch  of  test  seeds.  The 
confidence  interval  was  calculated  for  every  batch  of  plantlets  using  the  Student  test,  for  the  confidence  level  P 
=  90%.  In  Fig.  1  average  plantlets  length  for  control  and  microwave  exposure  samples  is  presented. 

The  average  values  of  plants  length  are  enhanced  proportionally  to  the  microwave  exposure  time  -  a  linear 
regression  curve  with  correlation  coefficients  R2  about  0.9561  was  found. 
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Fig.  1 .  The  average  length  versus  microwave  exposure  time 

The  contents  of  photosynthesis  pigments  (a  and  b  chlorophylls  and  total  carotenoids)  in  the  green 
tissue  of  young  maize  plantlets  (aged  of  12  days)  for  experimental  samples  in  Fig. 2  are  presented.  For  all 
exposure  times  all  three  pigments  present  averaged  values  ranging  around  control  values,  i.e.  small 
enhancements  or  small  diminutions,  with  statistical  significance  for  short  exposure  times  (5;  10  and  15  minutes) 
while  for  longer  exposure  times  (15;  20;  40;  60  and  120  minutes)  the  statistical  analysis  no  revealed  statistic 
significance.  Similar  response  at  microwave  irradiation  of  seeds  was  get  for  the  all  three  assimilatory  pigments 
analyzed. 


0  5  10  15  20  40  60  120 

exposure  time  (minutes) 


Fig.2.  Assimilatory  pigments  level  in  maize  plantlets  versus  microwave  exposure  time 
(chi  a  -the  content  of  chlorophyll  a,  chi  b-the  content  of  chlorophyll  b, 
t.c.-the  content  of  total  carotenoid  pigments) 

The  total  assimilatory  pigments  contents  have  the  same  variation  to  the  increase  of  the  microwave 
exposure  time  that  was  observed  for  chlorophyll  a  level.  Very  good  linear  correlations  were  revealed  between 
pairs  of  pigments  level  (Fig. 3).  These  results  can  be  taken  as  an  indication  upon  the  correlated  influences  of 
microwave  radiation  in  the  all:  chlorophyll  a,  chlorophyll  b  and  the  secondary  carotenoids  like  pigments.  As 
known  chlorophyll  a  molecules  represent  the  main  photosynthesis  pigment,  able  to  control  directly  the  solar 
energy  conversion  into  chemical  form  while  carotenoids  are  playing  very  important  role  in  the  sustaining  of 
photosynthesis  efficiency,  by  indirect  energetic  transfer  of  the  absorbed  energy  to  chlorophyll  a  molecules. 
Concluding  on  these  results,  all  analyzed  assimilatory  pigments  had  similar  variations  versus  microwave 
irradiation  times. 
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Fig. 3.  Linear  correlation  between  chlorophyll  a,  chlorophyll  b  and  total  carotenoid  pigments  levels 
(chi  a  -the  content  of  chlorophyll  a,  chi  b-the  content  of  chlorophyll  b, 
t.c.-the  content  of  total  carotenoid  pigments) 

The  best  indicator  upon  the  photosynthesis  process  efficiency  is  considered  the  chlorophylls  ratio 
(chlorophyll  a  /  chlorophyll  b)  [14]  which  provides  indirect  information  on  the  enzymatic  aggregates  of  the 
Light  Harvesting  Complex  II  (LHC  II)  from  the  photosynthetic  system  II  located  in  the  chloroplasts 
membranes.  In  Fig.4  a  slight  stimulatory  effect  can  be  seen  for  shorter  microwave  exposure  time  to 
photosynthesis  process,  as  suggested  by  chlorophyll  a  and  b  ratio;  inhibitory  effect  is  obvious  for  the  highest 
microwave  exposure  time.  The  ratio  chlorophyll  a  /  chlorophyll  b  was  enhanced  with  6%  for  shorter  microwave 
exposure  time  sample  and  diminished  with  15%  for  higher  microwave  exposure  time. 


Fig.4.  The  effects  of  microwave  exposure  of  seeds  on  chlorophylls  ratio  in  12  days  old  plantlets 

The  average  content  of  nucleic  acids  (DNA  and  RNA)  in  young  maize  plantlets  provided  by  microwave 
irradiated  seeds,  after  12  days  of  grown  is  presented  in  Fig. 5.  A  stimulatory  influence  of  microwave  exposure  on 
the  biosynthesis  of  nucleic  acids  was  revealed  for  low  exposure  times  (to  14%  for  20  minutes  microwave 
exposure  sample)  while  for  the  higher  microwave  exposure  time  an  inhibitory  effect  (35%)  than  control  was 
observed.  Applying  the  f-test  to  compare  control  and  test  sample,  data  for  the  average  nucleic  acid  level  have 
revealed  statistic  significance  (p<0.05)  for  all  exposed  samples. 

Thermal  as  well  as  non-thermal  effects  of  microwaves  interaction  with  seeds  are  supposed  to  underlay 
these  modifications. 
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Fig. 5.  The  average  nucleic  acid  levels  in  maize  plantlets  provided  by  irradiated  seeds 

The  electromagnetic  energy  of  the  microwave  absorbed  photon  is  six  orders  of  magnitude  lower  than 
that  of  chemical  or  even  hydrogen  bonds  needed  to  break  down.  So,  the  absorption  of  a  microwave  photon 
cannot  break  these  bonds  [15].  But,  more  complex  indirect  phenomena,  possible  within  cellular  complex 
structures  may  occur,  that  finally  can  lead  to  the  plants  growth  disturbing.  Maybe  the  accumulation  of  oxygen 
radicals  is  the  primary  cause,  as  they  are  suspected  for  dissociating  the  covalent  bonds  of  DNA  [16]  when  water 
molecules  are  adsorbed  on  the  surface  of  large  bio-molecules  within  cellular  medium. 


Summary 

In  summary,  in  this  experimental  study  regarding  microwave  radiation  with  10.8  GHz  frequency 
influences  upon  maize  seeds,  observed  on  the  12  days  old  plantlets  derived  by  irradiated  seeds,  a  very  slight 
stimulation  of  the  photosynthesis  process  was  revealed  by  means  of  chlorophylls  ratio  (to  6%  increasing)  in  the 
case  of  shorter  microwave  exposure  time.  For  the  higher  microwave  exposure  time  the  chlorophylls  ratio  was 
diminished  with  15%  than  control.  Also,  a  stimulatory  influence  of  microwave  exposure  on  the  biosynthesis  of 
nucleic  acids  was  revealed  for  low  exposure  times  (to  14%)  while  for  the  higher  microwave  exposure  time  an 
inhibitory  effect  (to  35%)  than  control  was  evidenced.  The  low  power  microwave  treatment  of  seeds  has 
revealed  that  maize  young  plantlets  development  may  be  slightly  affected  during  their  first  twelve  days  of 
growth. 

In  fact  the  complexity  of  plant  growth  phenomena  can  not  be  evaluated  only  by  means  of  the  chlorophylls 
and  carotenoids  or  nucleic  acids  behavior  but  also  by  considering  the  enzymes  activity,  the  capacity  of  water 
accumulation  and  so  on.  It  is  designed  that  our  further  experimental  projects  to  be  focused  on  the  diversification 
of  the  investigation  methods  able  to  provide  data  regarding  the  plant  electromagnetic  sensitivity  in  the  range  of 
microwave  exposure  parameters  tested  inhere. 

Based  on  the  fact  that  such  microwave  exposure  can  often  occur  in  natural  plant  populations  but  no 
phenotypic  changes  are  reported  regarding  the  perturbation  of  the  main  biological  patterns,  the  presumption  that 
the  recover  mechanisms  are  also  activated  following  the  microwave  exposure  is  a  challenging  issue. 
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Abstract 

A  total  of  200  female  Donryu  rats  at  11  weeks  of  age  were  randomly  divided  into  10  groups  of  20  rats. 
Animals  in  8  groups  were  given  0  (olive  oil:  vehicle  only),  10,  20,  30,  40,  50,  60  or  70  mg/kg  body  weight 
of  1 -propyl- 1 -nitrosourea  (PNU)  by  oral  administration,  5  days  a  week  for  5  weeks.  Animals  in  other  2 
groups  were  given  300  or  350  mg/kg  body  weight  of  PNU,  once  a  week  for  5  weeks.  They  were  observed 
for  30  weeks  after  PNU  administration.  Except  for  dead  animals  due  to  acute  PNU  toxicity  during  PNU 
injection  period  and  the  first  2  weeks  of  observation  period,  the  cumulative  proportions  of  dead  animals  and 
animals  with  leukemia  in  0,  10,  20,  30,  40,  50,  60,  70,  300  or  350  mg/kg  of  PNU-injected  groups  were  0.0, 
0.0,  0.0,  10.5,  40.0,  47.4,  73.7,  80.0,  22.2,  27.8%  and  0.0,  0.0,  5.0,  10.5,  10.0,  21.1,  63.2,  80.0,  27.8,  27.8%, 
respectively.  Main  cause  of  death  was  erythrocytic  leukemia.  The  incidence  of  myelocytic  leukemia,  which 
we  intended  to  induce  mainly,  was  low  and  5.0,  16.7,  22.2%  in  20,  300  and  350  mg/kg  of  PNU-injected 
groups,  respectively.  Body  weight  gain  during  observation  period  showed  that  PNU  toxicity  was  lower  in 
300  mg/kg  group  than  350  mg/kg  group.  Based  on  these  results,  administration  of  300  mg/kg  body  weight 
of  PNU,  once  a  week  for  5  weeks  was  selected  for  initiation  method.  50Hz  magnetic  field  exposure  study  of 
up  to  350pTrms  is  now  in  progress. 
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The  effects  of  magnetic  fields  seem  to  depend  on  their  respective  codes  (frequency,  intensity,  and 
waveform).  The  aim  of  the  present  study  is  to  examine  the  effects  of  magnetic  field  on  changes  of  glucose,  lipid 
levels  and  activations  of  alpha-amylase  and  lipase  enzymes  in  diabetic  rats  that  were  different  exposed  durations 
to  magnetic  field.  The  rats  were  first  divided  into  two  groups.  The  first  group  (30  rats)  was  made  up  diabetic 
control  group  ((Dj,  DVn  and  DXrv),  the  second  group  was  comprised  of  rats  described  as  diabetic-exposed  to 
magnetic  field  groups  (DMF|,  DMFVn  and  DMFxrv).  Diabetic  (D)  and  diabetic-exposed  to  magnetic  field  (DMF) 
groups  were  made  up  adult  male  Wistar  Albino  rats  (60  rats).  DMF  groups  (30  rats)  were  exposed  to  magnetic 
field  for  thirty  minutes  per  one,  seven  and  fourteen  days.  The  combinations:  of  alternating  modulated  magnetic 
fields  were  set  up  5  mT  intensity,  50  Hz  frequency  and  oriented  north-south  direction.  Also,  diabetic  groups  of 
adult  male  Wistar  Albino  rats  (30  rats)  were  treated  in  identical  fashion  to  the  exposed  rats,  except  that  the 
magnetic  field  was  switched  off. 

The  end  of  first,  seventh  and  fourteen  days,  blood  of  rats  in  diabetic-exposed  to  magnetic  field  and 
diabetic  groups  was  collected  under  ether  anesthesia  for  biochemical  parameters,  activations  of  enzymes  and  ion 
concentrations.  The  end  of  1  st  day  that  in  diabetic-exposed  to  alternative  magnetic  field  groups,  while  serum 
glucose  and  lipid  levels  were  changed,  changes  of  ion  concentrations  were  changed  end  of  seventh  and  fourteen 
day;  increased  serum  K+  and  decreased  serum  Ca2+  concentrations..  In  addition,  activations  of  enzymes  were  no 
changed  in  diabetic  rats  exposed  to  14  days  magnetic  field.  Data  are  significantly  (p<0.05).  The  effects  of 
magnetic  field  in  diabetic  rats  depend  on  exposed-duration  to  magnetic  field.  The  changes  of  activations  of 
enzymes  of  ion  concentrations  were  depended  on  combinations  of  magnetic  fields  as  exposure  duration,  intensity 
and  directions.  We  observed  different  affected  activations  of  enzymes  and  ion  concentrations  in  diabetic-exposed 
to  magnetic  field  according  to  exposed  duration  of  magnetic  field.  The  results  indicate  that  an  alternative 
magnetic  field  may  positively  affect  diabetic  rats  in  respect  of  blood  serum  parameters,  depending  on  exposed 
duration  of  magnetic  field 

Key  Words:  Diabetic  rats,  alpha-amylase  enzyme.  Magnetic  field,  exposure  duration  to  magnetic  field. 

Introduction 

Numerous  experimental  findings  suggest  that  exposure  to  extremely  low-frequency  (ELF)  magnetic  fields  (MFs) 
affects  various  cell  functions  via  actions  exerted  on  intracellular  and  membrane  proteins;  including  ion  channels, 
membrane  receptors  and  enzymes  (1,2). 

Diabetes  has  profound  effects  on  the  metabolism  of  various  tissues,  including  vascular  smooth  muscle.  Both 
glycolysis  and  glucose  oxidation  are  decreased  in  diabetic  animals  and  there  is  an  overall  decrease  in  ATP 
production  (3).  One  mechanism  that  may  contribute  to  this  disturbance  in  tissue  metabolism  is  the  elevation  of 
long-chain  fatty  acid  levels  (4,5).  Recent  investigations  revealing  that  after  exposure  to  magnetic  fields,  insulin 
release  and  glycogen  levels  are  increased  in  diabetic  rats  and  the  blood  glucose  level  is  decreased  provided  the 
stimulus  for  the  current  studies.  (6,7).  Similar  results  were  recorded  in  other  studies  (8-10).  Goodman  et  al  has 
been  suggested  that  an  electromagnetic  field  affects  the  movement  of  Ca2+  ions  across  membranes  and  has 
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effects  at  the  gene  level,  but  the  mechanism  of  the  MF  effect  is  not  yet  clear  (11,12).  A  recent  study  revealed 
ultrastuctural  changes  in  P  cells,  with  indications  of  extension  of  the  rough  endoplasmatic  reticulum  and 
significant  expansion  of  the  Golgi  apparatus,  in  a  group  of  rats  exposed  to  a  magnetic  field  (13).  The  rats  used  in 
this  research  had  body  weights  of  284.4  +  12.6  g:  35  were  put  into  a  sinusoidal  magnetic  field  with  frequency  10 
Hz  and  intensity  1.8-3. 8  mT;  35  were  put  into  a  sinusoidal  magnetic  field  with  frequency  40  Hz  and  intensity 
1.3-2. 7  mT  for  30  minutes  per  day  for  1,  3,  6,  9  and  14  days.  It  was  thought  that  the  expansion  of  the  Golgi 
apparatus  might  relate  to  storage  of  increased  amount  of  proinsulin  in  the  form  of  small  vesicles  (14).  The 
special  granules  around  the  site  might  indicate  insulin  storage  by  the  P  cells;  they  are  affected  by  the  magnetic 
field.  On  the  other  hand,  electron-transparent  vesicles  in  the  P  cells  may  indicate  an  intensification  of  hormone 
secretion  after  the  oscillation  of  the  insulin  granules  (13,  14).  Finally,  the  reversible  structural  changes  in  P  cells 
that  occur  depending  on  the  magnetic  parameters  may  increase  insulin  oscillation  and  synthesis. 

A  low  intensity  magnetic  field  has  been  used  to  treat  late  complications  of  diabetes  such  as  diabetic  retinopathy, 
diabetic  angioplasty  and  peripheral  neuropathy  (15).  In  almost  all  the  patients  receiving  this  treatment, 
complaints  of  intestinal  motor  activities  and  pain  disappeared  and  laboratory  markers  were  normalized;  magnetic 
therapy  was  further  suggested  for  the  treatment  of  juvenile  diabetes  (16,17).  These  studies  on  the  effects  of 
electromagnetic  fields  on  living  systems  led  us  to  investigate  whether  such  fields  may  be  used  for  treatment.  For 
these  reasons,  we  undertook  this  study  to  determine  the  effects  of  exposure  to  alternating  modulated  magnetic 
fields  on  blood  parameters  and  activation  of  enzymes  in  diabetic  rats. 


Material  and  Method 

Experiments  were  conducted  on  60  male  Wistar  albino  rats  aged  5  months,  weighing  245-300g.  The 
experimental  protocol  was  approved  by  the  Animal  Ethics  Committee  at  Cukurova  University.  Firstly,  animals 
were  divided  into  two  groups:  control  diabetic  (D^  DVn  and  DXIV)  and  diabetic-exposed  to  magnetic  field  groups 
(D-MFi,  D-MFynand  D-MFXIV).  We  injected  45  mg/kg  streptozotocin  (STZ)  in  citrate  buffer  (CB)  (pH  4.5)  into 
the  tail  veins  to  induce  diabetes  (D  group).  A  similar  volume  of  CB  solution  without  STZ  was  injected  into 
control  rats  (S  group).  Then,  animals  were  exposed  to  magnetic  field  between  09:00  and  09:30  or  13:00  and 
13:30  h  for  one,  seven  and  fourteen  days  to  control  for  possible  circadian  variations  in  response.  Rats  in  the  D- 
MF  groups  were  exposed  for  thirty  minutes  per  day  to  alternating  modulated  magnetic  fields  of  frequency  50  Hz, 
intensity  5  mT 

Rats  in  the  control  or  sham  diabetic  groups  were  treated  in  exactly  the  same  fashion  as  the  exposed  rats, 
except  that  the  magnetic  field  was  switched  off.  The  rats  in  each  group  were  allowed  to  roam  freely  in  the  cage 
irrespective  of  exposure  to  the  MF.  They  were  fed  a  standard  rat  chow  and  tap  water  ad  libitum  and  kept  in  an 
environmentally  controlled  room  at  21-23°C,  relative  humidity  40-60%,  with  a  light/dark  cycle  of  12/12  h. 

The  end  of  exposure  period  of  one,  seven  and  fourteen  days,  serum  glucose  and  lipid  levels  were 
determined  to  indicate  any  relationship  with  diabetes  mellitus.  The  serum  was  used  to  determine  levels  of 
glucose  and  lipids  K+  and  Ca2+  concentrations,  activations  of  alpha-amylase  and  lipase  enzymes. 

All  values  were  expressed  as  means  +  SEM.  Levels  of  glucose,  K+  and  Ca  2+  ion  concentrations  and 
activations  of  enzymes  were  compared  between  diabetic  and  diabetic-exposed  to  magnetic  field  groups  by  2-way 
ANOVA.  Statistical  significance  was  assumed  at  p<  0.05. 


Results 

The  mean  values  of  serum  glucose  and  lipid  levels  of  rats  in  three  groups  were  significantly  decreased  after 
diabetic  rats  were  exposed  to  magnetic  field  during  one,  seven  and  fourteen  days,  compared  to  those  of  the  rats 
(glucose:  D,  259.8+5.1  mg/dl,  DME  257.2+7,1  mg/dl,  Dv„  240.6  +10,1,  DMFvn  190.2  +  2.7  mg/dl,  DXiV  239.4+ 
3.8  mg/dl;  DMFXIV  176.6  +  1.2  mg/dl)  The  mean  values  +  SEM  of  the  other  lipid  levels  were  shown  in  Tablel. 
When  K+  and  Ca2+  ion  concentration  in  serum  of  rats  in  diabetic-exposed  to  magnetic  field  groups  were 
compared  to  control  diabetic  rats,  we  were  measured  decreased  Ca2+  ion  concentration  in  end  of  the  fourteen 
days  and  increased  K+  ion  concentration  in  end  of  the  seven  days  according  to  intensity  or  density  of  diabetic 
(Table  2,  Figl,2). 

There  were  no  significant  difference  activations  of  a-amylase  or  lipase  enzymes  of  rats  between  diabetic  and 
diabetic-exposed  to  the  magnetic  field  groups.  (Table  2,  Fig3,4). 
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Table  1.  Serum  parameters  (glucose,  cholesterol,  triglyceride,  HDL  and  LDL  (mg/dl))  of  rats  were 
measured  by  enzymatic  techniques  in  diabetic  and  diabetic-exposed  to  magnetic  field  groups  (mean  ± 
SEM). 


Groups 

Serum 

Parameters 

Dj 

D-MFi 

Dvh 

D-MFvn 

Dxiv 

D-MFXIV 

Glucose 

(mg/dL) 

259.8+5.1 

257.2+7.1 

240.6+10.1 

190.2+2.7 

239.4  +  3.8 

176.6+  1.2 

Cholesterol 

(mg/dL) 

67.6+3.0 

43.4+1.8 

66.2+1.2 

41.4+2.0 

76.4+1.4 

47.8+2.3 

Trygliceride 

(mg/dL) 

86+1.1 

73.6+1.7 

115.4+4.6 

76.4+9.9 

141,8+2.5 

73.0+5.7 

LDL 

(mg/dL) 

1. 2+0.2 

1. 2+0.1 

1. 4+0.4 

1. 2+0.4 

2. 7+0.6 

1. 3+0.9 

HDL 

(mg/dL) 

34.4+1.0 

44.8+2.7 

36.2+0.9 

44.8+1.5 

32.6+0.5 

44.6+1.3 

Table  2.  Ion  concentrations  (K+  and  Ca2+)  and  activations  of  enzymes  (alpha-amylase  and  lipase)  of 
rats  were  measured  in  diabetic  and  diabetic -exposed  to  magnetic  field  groups  (mean  ±  SEM). 


Groups 

Serum 

Parameters 

Di 

D-MF, 

Dvh 

D-MFyn 

Dxiv 

D-MFxiv 

Lipase 

(U/L) 

13.2+0.6 

12.6+0.8 

12.0+0.8 

11.6+0.7 

13.0  +  0.7 

14.2  +  0.9 

a-amylase 

(U/L) 

2107.4  +  26.7 

2077.8  +  34.4 

2232  +  31.6 

2229.8  +  26.6 

2111.0  +  38.7 

2111.8+40.3 

Ca2+ 

(mg/dL) 

11.6+0.7 

11.6+1.3 

11.7+0.8 

11.7+1.02 

13.2+0.4 

12.4  +  0.9 

K+ 

(nmiol/L) 

4. 5+0.7 

4. 8+0.5 

4. 5+1. 2 

5. 5+1.6 

4. 6+0.4 

6.4+  1.2 
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Days 

Figl.  Serum  Ca1+  concentration  of  rats  in  D  and 
DMF  groups. 


Fig3.  Activation  of  serum  a-amylase 
enzyme  of  rats  in  D  and  DMF  groups 


Days 

Fig2. Serum  K+  concentrations  of  rats  in  D 
and  DMF  groups 


> 
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Days 

Fig4.  Activation  of  serum  lipase 
enzyme  of  rats  in  D  and  DMF  groups 


Discussion 

Data  from  this  study  show  that  exposure  duration  of  magnetic  field  can  interact.  In  diabetic-exposed  magnetic 
field  one  day,  no  significant  change  in  blood  parameters  was  observed  in  glucose,  lipid  and  enzymes  activities. 
The  plasma  glucose,  lipid  and  cholesterol  levels  were  slightly  decreased  in  the  D-MF  group  compared  with  the  D 
group.  These  results  might  indicate  a  transiently  healthy  response  by  rats  to  the  alternating  modulated  magnetic 
field.  The  decrease  in  plasma  glucose  was  statistically  significant  (p<0.05).  The  MF  may  cause  an  increased 
synthesis  and  oscillation  of  insulin.  Therefore,  MF  is  expected  to  decrease  the  glucose  level  and  increase  the 
glycogen  level  (7,18-21)  Oroza  et  al.  1987  found  similar  results.  They  suggested  that  the  magnetic  field  slowed 
down  the  fat  metabolism  of  the  rats  and  so  decreased  the  levels  of  glucose  and  lipid.  If  the  magnetic  field 
increases  the  synthesis  and  oscillation  of  insulin,  as  Laiti-Kobierska  et  al.  2002  suggested,  then  there  may  be  a 
decrease  in  the  blood  glucose  level  in  the  diabetic  rats.  Epidemiological  studies  have  indicated  that  MFs  can  also 
induce  adverse  health  effects.  Other  studies  have  yielded  important  clues  to  the  interaction  between  MF  and 
cellular  systems,  particularly  at  the  molecular  level.  Laiti-Kobierska  et  al.  2002  identified  granules  in  the  P  cells 
of  rats  exposed  or  not  exposed  to  a  magnetic  field;  these  granules  were  called  special  granules.  On  the  other 
hand,  there  were  inflated  mitochondria  and  expanded  endoplasmic  tubules  in  the  pancreatic  acinar  cells.  These 
authors  suggested  that  the  observed  changes  occurred  because  of  the  magnetic  field  and  were  related  to  increased 
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synthesis  and  oscillation  of  insulin  (13).  If  the  special  granules  stimulate  insulin  synthesis,  then  decreased  lipid 
and  glucose  levels  are  to  be  expected. 

Chernysheva  suggested  that  if  the  rats  were  exposed  to  an  alternating  magnetic  field  for  5  hours  a  day,  the 
concentrations  of  cholesterol  esters,  triglycerides  and  free  fatty  acids  decreased,  so  there  was  an  increase  in  lipid 
catabolism  and  energy  production  (10).  In  addition,  they  observed  that  magnetic  fields  change  the  velocity,  flow 
and  direction  of  particles  in  biological  systems,  with  impacts  on  the  transport/charge  system  depending  on  shape, 
frequency,  intensity  and  exposed  duration  (10).  The  decrease  in  plasma  glucose,  total  cholesterol  and  triglyceride 
levels  may  be  attributed  to  the  retardation  of  lipid  metabolism  as  suggested  by  Hefco  et  al  ,  or  to  the  increased 
synthesis  and  oscillation  of  insulin  in  the  |3  cells  as  Laiti-Kobierska  et  al.  2002  suggested  (13,22).  Byus  et  al.  and 
Blank  et  al.  realized  that  there  was  an  increase  in  the  concentration  of  Na+-K+ATPase,  effected  through  changes 
in  intracellular  Ca  2+.  One  of  the  most  obvious  candidates  is  the  calcium  ion.  Changes  in  calcium  concentration 
may  influence  the  interaction  with  calmodulin,  activate  the  protein  kinase  C,  or  act  directly  on  the  activity  of 
intracellular  enzymes.  Other  signal  transductive  candidates  may  membrane  receptors  whose  interactions  with  G- 
proteins  are  modified  by  MF  stimulation  or  ligand-gated  channels  that  are  acted  upon  by  the  fields.  These 
findings  might  be  attributed  to  complicated  mechanisms.  Further  studies  are  required  to  show  the  effect  of  MF 
on  intracellular  Ca2+  ions  and  their  movements,  and  on  enzyme  levels.  Diabetes  affects  many  mechanisms 
causing  different  complications  at  different  stages  of  the  disease.  The  apparently  healthy  response  of  the  exposed 
rats  might  be  consequent  on  a  temporary  recovery  in  hormonal  regulation  caused  by  the  magnetic  field,  which 
may  be  a  stress-generating  factor.  Therefore,  we  need  to  identify  the  mechanisms  affected  by  the  diabetes  and 
the  magnetic  field  and  further  studies  are  needed  for  this  purpose.  The  mechanism  of  action  of  alternating 
magnetic  fields  on  biological  systems  at  the  cellular  level  is  under  investigation. 
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Abstract 

Endothelium-dependent  and  independent  derived  responses  are  diminish  in  some  diseases,  including 
hypertension,  preclampsia  and  some  models  of  diabetes.  A  study  of  the  effects  of  weak,  modulated  sinusoidal 
low  frequency  electromagnetic  field  stimulation  in  changes  in  membrane  potentials  of  the  rat  aorta  in  diabetes 
was  carried  out.  Forty  rats  (n=40,  Wistar  albino  spp)  weighing  between  220-300g  were  used  in  this  study.  The 
rats  were  first  divided  into  four  groups.  The  first  group  was  made  up  of  the  citrated  rats  or  sham  (S,  n=10),  the 
second  group  was  comprised  of  rats  described  as  sham  or  citrated+magnetic  field  group  (S-MF,  n=10),  third 
group  contained  experimental  diabetic  rats  (D,  n=10),  and  the  fourth  group  was  comprised  of  both  experimental 
diabetic+magnetic  field  group  (D-MF,  n=10).  Magnetic  fields  of  5  mT  intensity  and  50  Hz  frequency  oriented  in 
the  north-south  direction  was  applied  to  the  S-MF  and  D-MF  groups  for  2  hours  and  45  minutes  at  each  day 
during  one  month. 

After  one  month.  Rats  were  killed  by  decapitation.  After  the  thoracic  aorta  preparation  isolated,  excess  fats 
and/or  connective  tissues  were  removed.  For  measurement  of  smooth  muscle  membrane  potential,  alter  was  cut 
open  longitudinally  and  pinned  to  the  bottom,  endothelial  surface  uppermost.  Tissues  were  maintained  at  37  °C 
and  constantly  perfused  with  Krebs  buffer  at  a  rate  of  2  ml  min'1.  Measurements  of  membrane  potential  were 
made  sharp  glass  microelectrodes,  back-filled  with  3  M  KC1  and  with  resistances  of  60-100  M  Q.  All  data  were 
recorded  through  a  Nihon  Kohden  instruments. 

The  negative  of  membrane  potential  of  aorta  in  diabetes  was  significantly  increased  compared  to  control 
animals.  One  of  the  most  obvious  candidates  is  the  calcium  ion.  Changes  in  calcium  concentration  may  influence 
the  interaction  with  calmodulin,  activate  the  protein  kinase  C,  or  act  directly  on  the  activity  of  intracellular 
enzymes.  Other  signal  transductive  candidates  are  membrane  receptors  whose  interactions  with  G-proteins  are 
modified  by  EMF  stimulation  or  ligand-gated  channels  that  are  acted  upon  by  the  fields.  This  knowledge  could 
provide  the  basis  of  novel  therapeutic  inventions  in  the  amelioration  or  prevention  of  vascular  complications  of 
these  diseases. 

Key  words:  Magnetic  field,  diabetes  rat,  rat  aorta,  resting  membrane  potential 


Introduction 

Macro  and  microvascular  disease  are  currently  the  principal  causes  of  morbidity  and  mortality  in  patients  with 
type  I  and  type  II  diabetes  mellitus.  Foss  of  the  modulatory  role  of  the  endothelium  may  be  a  critical  and 
initiating  factor  in  the  development  of  diabetic  vascular  disease.  Microvascular  disease  is  the  main  cause  of 
morbidity  and  mortality  in  patients  with  diabetes  Mellitus  (DM).  Endothelial  dysfunction  may  be  a  critical  and 
initiating  factor  to  develop  diabetic  vascular  disease  (1).  Mechanisms  that  participate  in  the  reduced  vasodilatory 
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responses  in  endothelial  dysfunction  include  reduced  nitric  oxide  generation,  oxidative  excess,  and  reduced 
production  of  hyperpolarizing  factor. 

Vascular  smooth  muscle  relaxation  in  response  to  a  signal  initiated  by  stimulation  of  overlying  endothelium  is 
known  as  endothelium-dependent  relaxation  and  involves  the  release  of  at  least  endothelium-derived  relaxing 
factor  /EDRF).  There  appear  to  be  several  important  EDRFs  the  most  well  understood  of  these  being  NO  and 
prostacyclin.  It  is  now  well  established  that  endothelium-dependent  vascular  relaxation  is  often  accompanied  by 
K+  channel-meditated  hyperpolarization  of  the  vascular  smooth  muscle.  Because  both  NO  and  prostacyclin  are 
known  to  be  able  to  elicit  vascular  relaxation,  at  least  in  part,  through  activation  of  K+  channels,  endothelium- 
dependent  hyperpolarization  may  often  simply  reflect  part  of  the  mechanism  of  relaxation  produced  by  NO  and 
prostacyclin. 

An  important  function  of  all  cells  is  their  ability  to  regulate  the  movement  of  ions  and  macromolecules  between 
the  cell  interior  and  its  environment  using  membrane  bound  protein  channels.  If  (K+)  channel  opens  in  the 
vascular  smooth  muscle  cell  membrane,  K+  efflux  increases,  causing  membrane  potential  hyperpolarization, 
closure  of  voltage-activated  calcium  (Ca2+)  channels,  decreased  Ca2+  entry,  and  vasodilatation.  Biological  effects 
of  magnetic  fields  can  be  mobility  or  movement  or  induce  variety  of  ions  of  effects  in  cells  and  tissues.  These 
biological  effects  include  nerve  regeneration,  influences  on  cell  calcium  levels  and  bone  healing. 

The  release  of  endothelium-derived  NO  by  agonists,  such  as  acetylcholine  (ACh),  is  dependent  on  a  rise  in 
intracellular  calcium  levels  ([Ca  2+]i)  within  endothelial  cells  and  activation  of  NO  synthase  (NOS).  The  entry  of 
Ca2+  from  the  extracellular  space  is  required  to  maintain  production  of  NO  (2,3)  and  several  lines  of  evidence 
indicate  that  endothelial  cell  membrane  potential  plays  a  critical  role  in  the  regulation  of  Ca2+  entry  (4).  Ca  2+ 
entry  is  not  dependent  on  voltage-gated  Ca2+  channel  activity,  rather  it  occurs  via  a  nonselective  cation  pathway 
and  is  dependent  on  membrane  hyperpolarization  to  provide  an  inwardly  directed  electrochemical  driving  force 
for  Ca2+  movement  (4-7)  Ocal  et  al  magnetic  field  was  supported  to  cause  the  changing  movement  of  Ca2+  ions 
and  direction  in  aorta  rings  of  diabetic  rats  (8). 

In  the  present  study,  we  attempted  to  combine  the  beneficial  properties  of  MF,  which  have  been  proved  to  be  ion 
flows  according  to  measure  resting  and  10"7  M  phenylephrine  (PE),  10"6M  acetylcholine  (ACh)  and  10"6  M 
sodiumnitroprusside  (SNP)-induced  membrane  potentials. 

Material  and  Methods 

Approval  for  this  study  was  obtained  from  local  Institution’s  Animal  Care  and  Ethics  Committee.  Forty  adult 
white  Wistar  rats  weighing  220  to  300  g  were  used  in  this  study.  The  rats  were  first  divided  into  four  groups.  The 
first  group  was  made  up  of  the  citrated  or  sham  rats  (S,  n=10),  the  second  group  was  comprised  of  rats  described 
as  sham  or  citrated+magnetic  field  group  (S-MF,  n=10),  third  group  contained  experimental  diabetic  rats  (D, 
n=10),  and  the  fourth  group  was  comprised  of  both  experimental  diabetic  +  magnetic  field  group  (D-MF,  n=10). 
We  injected  45  mg/kg  streptozotocin  (STZ)  in  citrate  buffer  (CB)  (pH  4.5)  into  the  tail  veins  to  induce  diabetes 
(D  group).  A  similar  volume  of  CB  solution  without  STZ  was  injected  into  control  rats  (S  group).  Then, 
magnetic  fields  of  5  mT  intensity  and  50  Hz  frequency  oriented  in  the  north-south  direction  was  applied  to  the  S- 
MF  and  D-MF  groups  for  2  hours  and  45  minutes  at  each  day  during  one  month. 

After  the  one-month  study  period,  the  rats  under  ether  anesthesia  before  rats  were  killed  by  decapitation.  After 
the  thoracic  aorta  preparation  isolated,  excess  fats  and/or  connective  tissues  were  removed.  For  measurement  of 
smooth  muscle  membrane  potential,  arter  was  cut  open  longitudinally  and  pinned  to  the  bottom,  endothelial 
surface  uppermost.  Tissues  were  maintained  at  37°C  and  constantly  perfused  with  Krebs  buffer  at  a  rate  of  2  ml 
min'1.  Measurements  of  membrane  potential  were  made  sharp  glass  microelectrodes,  back-filled  with  3  M  KC1 
and  with  resistances  of  60-100  M  Q.  A  vessel  sample  was  pinned  to  the  bottom  of  the  recording  chamber. 
Modified  Krebs  solution  had  the  following  composition  (mM):  119,:  NaCl,  4.6  KC1,  1.5  CaCF,  1.2  MgCF  15 
NaHCC>3,  1.2  NaHPCF  and  1 1  Glucose.  All  data  were  recorded  through  a  Nihon  Kohden  instruments. 

After  the  resting  membrane  potentials  of  rat  aorta  in  each  group  were  measured,  ACh,  PE  and  SNP-induced 
membrane  potentials  of  aorta  preparations  were. measured.  ACh,  PE  and  SNP-induced  membrane  potentials  were 
recorded  though  a  Nihon  Kohden  instruments. 

The  negative  of  membrane  potential  of  aorta  in  D  group  was  significantly  decreased  compared  to  S  group.  While 
10"7  M  PE-induced  negative  of  membrane  potential  were  decreased  in  each  group,  10’6  M-induced  membrane 
potential  in  D-MF  group  was  enclosed  resting  membrane  potential  of  D  group.  Results  were  significantly 
(p<0.05). 


Ultrastructure  of  thoracic  aorta  preparation 

For  histopathology  of  thoracic  aorta  preparations  of  rats,  of  citrated  or  sham,  sham-exposed  to  magnetic  field, 
diabetic  and  diabetic-exposed  to  magnetic  field  groups  were  examined.  After  opening  the  abdominal  cavity, 
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samples  of  the  thoracic  aorta  were  taken,  and  after  appropriate  fixation  and  preparation  were  examined 
ultrastructurally  in  an  electron  microscope. 


Solutions  and  chemicals 

All  drugs  were  obtained  from  Sigma  Chemical  Co.  (St.  Louis,  MO.USA).  Stock  solutions  of  phenylephrine 
hydrochloride  (PE),  acetylcholine  bromide  (ACh)  and  sodium  nitroprusside  (SNP)  were  dissolved  in  distilled 
water.  Streptozotocin  was  freshly  dissolved  in  0.1  M  citrate  buffer  (pH  4.5)  immediately  before  use  at  a 
concentration  of  45  mg/kg;  all  drugs  were  obtained  from  Sigma  Chemical  Co. 


Statistics 

All  data  were  expressed  as  means  +  S.E.M.  The  statistical  significance  of  all  differences  between  mean  values 
was  calculated  using  Student’s  paired  t  test  or  repeated  measures  ANOVA  followed  by  Tukeys  post  hoc  test.  A 
level  of  P<0.05  was  considered  to  be  statistically  significant. 


Results 

Table  1.  The  mean  +  SEM  of  10"7  M  phenylephrine  (PE),  10’6  M  acetylcholine  (ACh)  and  10"6  M  sodium 
nitroprusside  (SNP)-induced  membrane  potentials. 


Experimental 

Groups 

Membrane  Potential  (mV) 

Resting 

10  7  M  PE 

10  6  M  ACh 

10  6  M  SNP 

S 

-56,2  +  1,0 

-51,1  +  0,9 

-59,2  +  0,9 

-56,1  +  1,2 

S-MF 

-53,6  +  0.6 

-48  +  0,6* 

-57,8  +  0,9 

-51,8  +  0,6 

D 

-47,5  +  0,6* 

-42,8  +0,8* 

-43,1  +  1,7 

-46,7  +  0,8 

D-MF) 

-43,4  +  0,7 

-36  +  0,3* 

-43,7  +  0,7 

-44,4  +  0,4 

The  mean  values  of  negative  of  resting  membrane  potential  of  aorta  preparations  were  significantly  decreased  in 
both  groups  of  rats  after  sham-exposed  and  diabetic-exposed  to  the  alternating  modulated  magnetic  field  groups 
for  four  weeks,  compared  to  those  of  sham  and  diabetic  groups  (Table  1,  Fig  1).  The  negative  of  10"7  M  PE- 
induced  membrane  potential  of  aorta  in  S,  S-MF,  D  and  D-MF  groups  were  decreased  (Table  1,  Fig  2),  while 
negative  of  the  10"6  M  ACh-induced  membrane  potential  in  S,  S-MF,  D  and  D-MF  groups  were  increased  (Fig 
3).  Data  were  significant  (p<0.05). 

There  was  no  significant  difference  between  the  membrane  potentials  of  aorta  preparation  of  rats  in  D  or  S  and  in 
SMF  or  DMF  groups  that  the  aorta  induced  by  10"6  M  sodium  nitroprusside  (Fig  4). 

Electron  micrographs  of  the  thoracic  aorta  preparations  from  the  S-MF  group  showed  only  minimal 
ultrastructural  changes  (Fig  5,6).  In  the  D-MF  group,  however,  a  decreased  density  of  elastic  tissues  compared  to 
the  D  group  was  apparent  after  30  days  (Fig  7,8). 
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Figl.  Resting  membrane  potentials  of  aorta 
preparation  of  rats  in  citrated  (S),  citrated- 
magnetic  field,  diabetic  and  diabetic-magnetic 
field  groups 


Fig2.  10’7  M  PE-induced  membrane  potentials  of 
aorta  preparation  of  rats  in  citrated  (S),  citrated- 
magnetic  field,  diabetic  and  diabetic-magnetic 
field  groups 


Fig3.  10"6  M  ACh-induced  membrane 
potentials  of  aorta  preparation  of  rats  in 
citrated  (S),  sitrated-magnetic  field,  diabetic 
and  diabetic-magnetic  field  groups 


Fig4.  10"6M  SNP-induced  membrane 
potentials  of  aorta  of  rats  in  citrated  (S), 
citrated-magnetic  field,  diabetic  and 
diabetic-magnetic  field  groups. 


Fig  5.  Electron  micrograph  of  thoracic  aorta 
from  rats  in  the  S  group;  el-elastic  fibers, 
sm-smooth  muscle. 


Fig  6.  Electron  micrograph  of  thoracic 
aorta  from  rats  in  the  S-MF  group;  el- 
elastic  fibers,  sm-smooth  muscle. 
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Fig  7.  Electron  micrograph  of  thoracic  aorta 
from  rats  in  D  group;  el-elastic  fibers,  sm- 
smooth  muscle. 


Fig  8.  .Electron  micrograph  of  thoracic 
aorta  from  rats  in  the  D-MF  group;  el- 
elastic  fibers,  sm-smooth  muscle. 


Discussion 

Changes  in  EDRF  in  diabetes  have  been  studied  in  most  detail  in  streptozotocin  (STZ)-induced  diabetes  in  rats. 
In  the  rat  aorta  vessel,  negative  of  resting  membrane  potentials  were  significantly  diminished  compared  with 
membrane  potentials  of  aorta  preparations  of  rats  in  S  group.  The  mechanisms  underlying  disease-associated 
impairment  of  EDHF-attributed  hyper  polarization  and  relaxation  are  far  from  clear  and  require  further  studies  to 
determine  whether  the  dysfunction  arises  in  the  smooth  muscle  cells  and/or  the  endothelial  cells  and/or 
myoendothelial  communication.  This  knowledge  could  provide  the  basis  of  novel  therapeutic  inventions  in  the 
amelioration  or  prevention  of  vascular  complications  of  these  diseases. 

In  the  resting  membrane  potential  of  the  rat  aorta,  negative  of  resting  membrane  potential  in  S  group  was 
decreased  from-56.2  +1.0  mV  to  -53.6+  0.6  mV  compared  with  resting  membrane  potential  of  S-MF  group.  But 
there  was  no  significant  difference  between  the  S  and  S-MF  groups.  When  the  resting  membrane  potentials  of  rat 
aorta  in  S  group  (-56.2  +1.0  mV)  were  compared  with  D  groups  (-47.5  +  0.6  mV),  negative  of  resting  membrane 
potentials  were  increased  (Table  1).  Data  were  significantly.  Also,  negative  of  resting  membrane  potentials  in  D- 
MF  groups  were  decreased  from  -47.5  +  0.6  mV  to  43.4  +  0.7  mV  too.  Ocal  et  al  were  observed  the  positive 
effects  of  low  frequency  magnetic  field  on  mechanical  activities  in  diabetic  rats  (8).  Magnetic  fields  may  affect 
movement  ions  and  directions  in  biological  tissues.  K+  channels  are  critical  in  maintaining  the  normal  resting 
membrane  potential  in  a  variety  of  excitable  cells.  But  mechanism  of  relaxation  is  no  only  affected  K+  ion  or  K+ 
ion  movements. 

In  this  study,  we  observed  only  minimal  ultrastructural  changes  in  electron  micrographs  of  thoracic  aorta 
preparations  from  rats  in  the  S-MF  group  (Fig  5,  6).  However,  by  the  end  of  the  30th  day,  ultrastructural  changes 
related  to  decreased  elastic  tissue  density  were  seen  in  the  D-MF  group  compared  to  the  D  group  (Fig  7,8).  Faiti- 
Kobierska  et  al.  2002  identified  granules  in  the  P  cells  of  rats  exposed  or  not  exposed  to  a  magnetic  field;  these 
granules  were  called  special  granules.  On  the  other  hand,  there  were  inflated  mitochondria  and  expanded 
endoplasmic  tubules  in  the  pancreatic  acinar  cells.  These  authors  suggested  that  the  observed  changes  occurred 
because  of  the  magnetic  field  and  were  related  to  increased  synthesis  and  oscillation  of  insulin  (Laiti-Kobierska 
et  al.  2002).  Numerous  experimental  findings  suggest  that  exposure  to  extremely  low-frequency  (EFF)  magnetic 
fields  (MFs)  affects  various  cell  functions  via  actions  exerted  on  intracellular  and  membrane  proteins,  including 
ion  channels,  membrane  receptors  and  enzymes  (9,10).For  these  reason,  enzymes  activities  and  membrane 
receptors  and  as  Ca2+  the  other  ions  have  to  examine.  One  of  the  most  obvious  candidates  is  the  calcium  ion. 
Changes  in  calcium  concentration  may  influence  the  interaction  with  calmodulin,  activate  the  protein  kinase  C, 
or  act  directly  on  the  activity  of  intracellular  enzymes.  Other  signal  transductive  candidates  may  membrane 
receptors  whose  interactions  with  G-proteins  are  modified  by  MF  stimulation  or  ligand-gated  channels  that  are 
acted  upon  by  the  fields. 
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Abstract 

In  this  study,  temperature  rise  and  Specific  Absorption  Rate  (SAR)  induced  by  1800MHz  microwave 
(MW)  frequency  non-ionizing  radiation  in  human  brain  tissue  has  been  investigated  by  using  brain 
equivalent  liquid.  Brain  equivalent  tissue  was  exposed  to  MW  radiation  of  1800MHz  for  various  time 
duration  within  a  system  allowed  positions.  As  a  radiation  source,  1800MHz  MW  generator  was 
used.  The  brain  tissue  phantom  model  was  placed  in  a  near  field  of  half  wave  dipole  antenna.  A 
temperature  rise  in  a  brain  tissue  which’ s  equivalent  model  was  exposed  to  1800  MHz  was  measured 
for  investigating  a  SAR  absorbed  in  brain  tissue  of  human  head. 

Keywords:  MW,  Cellular  Phone,  Brain-equivalent  phantom,  Temperature  Rise,  SAR. 

INTRODUCTION 

During  the  last  years,  wireless  data  and  phone  networks  have  become  widely  used.  And  especially,  adverse 
health  effects  of  cellular  phones  and  base  stations  have  been  discussed.  Many  international  organizations  have 
defined  safety  limits  for  exposure  to  these  type  communication  devices.  Adverse  health  effects  of  the  cellular 
phones  used  close  to  the  human  body  have  been  especially  interested,  because  of  complexity  of  interaction  of 
RF  (Radio  Frequency)  radiation  and  human  body,  and  EM  (Electromagnetic)  fields  induced  in  human  head 
difficulty  determinations.  Recently,  it  is  possible  to  find  a  lot  of  investigations  on  this  subject  in  the  literature. 
Whole  body  SAR  (Specific  Absorption  Rate)  limit  of  4  W/kg  is  recommended  by  international  organizations 
[1],  After  applying  the  safety  standards,  maximum  SAR  limits  are  0.4  W/kg  and  0.08  W/kg  for  controlled  and 
uncontrolled  environment,  respectively.  European  standard  of  ENV50166-2  is  determined  SAR  limit  of  2  W/kg 
for  lOg  tissue  and  6  minute  period  in  a  controlled  environment  [2].  Heat  transfer  mechanisms  of  human  body 
are  limited  temperature  rise  for  the  SAR  limit.  For  general  public  in  Turkey,  power  density  limits  of  f/200 
W/m2,  10  W/m2  and  6.67xl0"5f  are  approved  in  the  frequency  ranges  0.4-2  GHz,  2-150  GHz  and  150-300  GHz, 
respectively  [3]. 

While  theories  on  the  biological  effects  of  EM  fields  have  not  been  exactly  established,  there  are  still 
insufficient  treatments  have  not  been  exactly  understood,  yet.  The  interdisciplinary  investigations  have  been 
continued.  One  of  the  known  basic  experimental  method  was  used  to  investigate  thermal  effects  of  EM 
radiation  in  tissue  equivalent  liquids[4].  In  this  study,  the  temperature  rise  in  human  brain  and  SAR  are 
investigated  by  using  an  equivalent  model. 

SPECIFIC  ABSORPTION  RATE  (SAR) 

SAR  is  an  important  quantity  in  dosimetry  which  indicates  the  temperature  rise  and  the  absorbed  energy  by 
tissue,  and  other  biological  events  that  occur  in  the  tissue  depended  on  internal  fields.  SAR  varies  depending  on 
frequency  and  tissue  properties.  The  effects  in  the  biological  tissues  depend  on  the  penetrated  fields  not  to  the 
external  fields.  To  determine  the  SAR  in  human  body  and  laboratory  animals  is  so  important  to  explain 
biological  effects.  There  are  two  basic  methods  are  used  to  evaluate  SAR.  They  are  calculation  and 
measurement  of  absorbed  energy  in  phantom  models.  Experimentally,  SAR  is  determined  measuring  electric 
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SAR  =  —\e\  =  C—  (1) 

2  p  dt 

Where;  ct  (S/m)  is  tissue  conductivity,  p  (kg/m3)  is  tissue  density,  C  (j/kg°C)  is  the  heat  capacity  of  tissue  (or 
phantom  material)  and  E  (V/m)  is  the  rms  value  of  intensity  of  the  electric  field  induced  in  tissue.  If  the  heating 
time  is  sufficiently  short  so  that  the  effect  of  thermal  conduction  in  the  phantom  can  be  neglected,  the  SAR  can 
be  derived  form  the  measured  temperature  rise  as  follows[5].  If  the  temperature  rise  in  tissue  is  measured,  (1) 
can  be  arranged  as 


SAR  =  C -  [W/kg]  (2) 

At 

Where;  AT  is  the  temperature  rise  in  °C  for  At  second  period  and  C  (j/kg°C)  is  the  heat  capacity  of  tissue  (or 
phantom  material).  From  the  above,  it  is  found  that  a  temperature  rise  sufficient  for  SAR  observation  can  be 
obtained  by  low  power  illumination  for  a  short  time  if  the  specific  heat  of  the  phantom  is  small  to  a  certain 
degree  to  an  advantage  in  the  measure ment[6]. 

MEASUREMENTS 

In  this  study,  the  brain  equivalent  tissue  suggested  by  [7,  8]  has  been  prepared  and  used.  The  human  brain 
tissue  equivalent  mixture  contains  water  of  54.90%,  salt  of  0.18%  and  Glycol  (Diethylene  Glycol  Butyl  Ether) 
of  44.92%.  Electrical  parameters  of  the  equivalent  tissue  have  been  measured  as  s,— 40.3  and  a=1.35(S/m) 
using  HP4194A  Impedance/Gain-Phase  Analyzer.  The  measurement  set-up  of  the  temperature  rise  is  shown  in 
Figure  1 .  Prepared  brain  tissue  equivalent  liquid  has  been  put  into  a  spherical  pyrex  glass  bowl  that  has  an  outer 
diameter  of  224  ±  0.5  mm  and  glass  thickness  5  ±  0.5  mm.  Glycol  provides  a  big  easiness  to  prepare  brain 
equivalent  tissue.  Evaporation  of  phantom  liquid  has  been  prevented  from  taking  precautions  in  the 
measurement  period  and  the  measurements  have  been  completed  in  one  week. 

The  expected  temperature  rises  in  the  liquid  have  been  measured  depending  on  the  parameters  of  antenna-tissue 
distance,  deepness,  exposure  time  and  signal  generator  output  power  and  logged  on  a  computer.  PT-104 
Platinum  Resistance  Thermometer  Data  Logger  measurement  system  has  been  used.  The  system  has  sensitivity 
of  0.001°C  and  accuracy  of  0.01  °C.  RF  signal  generator  has  adjustable  output  power  level  in  the  range  of  0-2W 
and  frequency  in  the  range  of  1800- 1900MHz.  1800MHz  half-wave  dipole  antennas  has  been  used  in  the 
measurements.  The  liquid  level  was  equal  to  160  mm  during  all  measurement. 


y 
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Figure  1 .  The  measurement  set-up  of  the  temperature  rise  in  the  brain  equivalent  tissue 

Measurements  have  been  realized  in  the  isolated  box  where  the  change  in  temperature  approaches  to  zero.  The 
temperature  variation  in  the  box  has  been  continuously  measured,  and  it  has  been  logged  when  its  value  is 
approximately  22°C±0.2°C.  Considering  the  radiation  characteristics  of  the  half  wave  dipole  antenna, 
maximum  field  intensity  is  expected  on  the  feed  point  direction.  Because  of  this,  temperature  rise  in  the  tissue 
that  is  on  the  feed  point  direction  has  been  measured  considering  various  exposure  probabilities. 
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Figure  2.  Varying  in  the  temperature  rise  (°C)  in  the  brain  equivalent  liquid  at  1800MHz  depending  on  the 
exposure  time  period  and  deepness  (d=13mm  and  p=1.5w) 


The  distance  to  the  tissue  surface  has  been  adjusted  to  d=13mm  and  the  temperature  rise  generated  in  the  tissue 
at  the  distances  of  y=3mm  and  y=6mm  has  been  measured  depending  on  the  exposure  time  period,  as  shown  in 
Figure  2.  The  temperature  rise  decreases  depending  on  the  deepness. 


Figure  3.  Changing  in  SAR  depending  on  the  distance  between  the  antenna  and  the  tissue  at  1800  MHz 

(y=lmm,  p=1.5w,  At=120sn) 

Absorbed  SAR  has  been  calculated  by  Equation  2.  with  the  measured  temperature  rises  in  the  brain  equivalent 
tissue.  The  SAR  calculated  at  the  deepness  of  y=lmm  at  1800MHz  versus  the  distance  between  the  dipole  and 
the  tissue  is  shown  in  Figure  3.  The  specific  heat  capacity  has  been  chosen  as  C=4000  (W  sec/kg  °C)  for  the 
SAR  calculation.  As  shown  in  Figure  3,  the  SAR  absorbed  by  tissue  decreases  depending  on  the  distance 
between  the  dipole  and  the  tissue  like  the  change  of  the  temperature  rise.  The  temperature  rises  depending  on 
the  various  distances,  d  and  exposure  time  at  1800MHz  is  shown  in  Figure  4. 
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Figure  4.  Shows  the  temperature  rises  depending  on  the  various  distances,  d  and  exposure  time  at  1800MHz 

(y=lmm  and  p=2w) 


CONCLUSIONS 

The  temperature  rise  generated  in  the  brain  tissue  does  not  exceed  0.1  °C  at  1800  MHz  cellular  phone 
frequency.  The  cellular  phones  operated  at  1800  MHz  cause  the  temperature  rise  less  than  the  lower  limit  value 
1°C.  The  temperature  rise  curves  formed  using  measurement  data  are  exponential  function  of  the  exposure  time 
period.  The  SAR  estimation  has  also  been  done  depending  on  the  temperature  rise  in  the  equivalent  tissue  using 
the  model  in  this  study.  The  cellular  phones  used  in  close  body  situation  especially  the  head  close  usage  causes 
absorbing  the  high  level  SAR.  An  investigations  with  laboratory  animals  present  an  indirect  data  for  human 
being,  and  it  is  clear  that  the  experimental  investigations  realized  using  biologic  tissue  equivalent  phantom 
models  provide  big  easiness.  Further  investigations  on  the  other  biological  effects  of  the  cellular  phones  are 
required  considering  thermal  effects.  Since  the  knowledge  of  biological  structure  and  dielectric  properties  of 
children  have  not  been  exactly  revealed,  further  investigations  need  to  be  focused  on  children. 
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Abstract 

RF  radiation  values  generated  Nokia  3210  mobile  phone  operating  1800  MHz  frequency  band  measured  by 
Electromagnetic  (EM)  radiation  meter  during  experiment.  Male  Guinea  pigs  were  exposed  to  operating  mobile 
phone  for  10  minute -periods  in  7  days  of  a  week.  Average  external  Electric  (E)  field  measured  during  exposure 
was  11.2  V/m.  Effects  of  whole  body  exposure  of  1 1 .2  V/m  to  collagen  synthesis  in  liver  tissue  were  determined 
by  using  three  different  hydroxyproline  level  designation  methods  named  H.  Stegemann-K.  Stalder,  I.S.  Jamall, 
V.N.  Finell  and  ISO  3496. 

It  was  observed  that  the  increment  found  hydroxyproline  level  due  to  mobile  phone  radiation  in  liver  was 
statistically  insignificant.  It  was  detected  statistically  that  the  hydroxyproline  level  designation  methods  of  ISO 
3496  is  the  most  accurate  way  of  measuring  hydroxyproline  level  in  between  the  methods  used  in  this  research. 

Introduction 

Since  time  began  until  about  hundred  years  ago  living  beings  had  to  deal  with  naturally  occurring  radiation, 
which  somehow  was  balanced  or  life  was  shielded  from  detrimental  parts  of  that  radiation  such  as  certain  cosmic 
radiation.  When  people  began  to  harness  electricity,  generate  and  transport  it  over  long  distances  a  different  kind 
of  energy  was  introduced  to  our  life:  AC  (Alternating  Current)  electric,  AC  magnetic  fields  and  radiofrequency 
radiation.  The  superimposition  of  electromagnetic  fields  caused  by  all  kinds  of  electromagnetic  radiation  that 
arise  in  the  human  environment  is  known  as  electromagnetic  pollution.  Not  only  is  electromagnetic  pollution 
responsible  for  interference  between  electrical  devices,  but  it  is  also  affects  the  human  body.  The  organism  reacts 
to  the  electrical,  magnetic  and  electromagnetic  fields  around  it.  The  biological  effects  depend  on  the  type, 
frequency  and  strength  of  these  fields.  The  boom  in  the  use  of  the  cellular  phone  has  led  to  a  very  evident 
increase  in  this  kind  of  stress. 

Many  in  vivo  and  in  vitro  studies  have  been  performed  to  investigate  the  biological  consequences  and  to  assess 
health  risks  of  RFR  (Radio  Frequency  Radiation)  generated  from  cellular  phones.  Relation  between  RFR  and 
protein  synthesis  is  still  unclear  mechanism  continuing  to  investigate. 

The  connective  tissue  protein,  collagen,  is  the  most  abundant  protein  in  higher  animals  .  Collagen  also  provides 
the  framework  for  parenchymal  organs  such  as  the  liver,  kidney,  and  spleen,  either  in  its  fibrous  form  or 
organized  in  basement  membranes.  The  rate  of  hydroxyproline  formation  is  therefore  considered  to  be  a  good 
indication  of  the  rate  of  collagen  biosynthesis.  The  collagen  content  of  a  tissue  is  determined  by  measuring  the 
content  of  protein  bound  hydroxyproline.  Hydroxyproline  is  necessary  for  collagen  helix  formation,  and  in  its 
absence  collagen  is  unable  to  be  properly  secreted  from  fibroblasts  (  Irvin,  1981;  Craig  et  al,  1975;  Takahashi 
and  Lee,  1987). 

The  connective  tissue  protein,  collagen,  is  not  only  abundant  but  also  significant  protein  in  higher  animals  since 
it  is  charged  molecule  tend  to  be  directed  trough  electric  field  applied..  In  this  research,  effects  of  RFR  generated 
by  mobile  phones  on  liver  tissue  collagen  examined  by  using  tree  different  hydroxyproline  detection  methods. 

Material  and  Method 

In  this  investigation,  3  month-old  guinea  pigs  were  exposed  to  RFR  radiated  from  Nokia  3210  mobile  phone 
operated  in  GSM  DCS  1800  MHz.  During  the  exposure  of  every  Guinea  pig,  external  E  fields  were  measured  by 
NARDA  EMR  300  and  type  8.3  probe.  Measurements  were  taken  for  duration  of  10  minutes  per  2  seconds  and 
the  data  saved  to  the  computer  connected  to  device  via  fiber  optic  cable.  The  whole  data  were  averaged  before 
statistical  analysis. 

Guinea  pigs  were  exposed  to  RFR  averaged  as  11.2  V/m  for  10  minutes  a  day  during  7  days  and  analyzed  for  the 
effects  on  liver  tissue  collagen  level.  Changes  of  collagen  level  were  analyzed  biochemically  by  three  different 
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hydroxyproline  determination  method  named  as  “H.  Stegemann-K.  Stalder”(  Stegemann,  1958;  Stegemann  et  al, 
1963;  Stegemann  et  al,  1964;  Stegemann  and  Stalder,  1967a;  Stegemann  and  Stalder,  1967b),  “I.S.  Jamall-V.N. 
Finell”  (Jamall  et  al,  1981)  and  “ISO  3496”  (TS  6236  ISO  3496,  1997).  Also,  histological  analyzes  were 
accomplished. 

Result 

The  outcome  of  the  biochemical  analysis  pointed  out  that  hydroxyproline  level  increased  with  respect  to  control 
but  this  increase  was  not  statistically  significant  for  all  methods  (p>0.05).  On  the  contrary,  histological  analyses 
showed  that  RF  exposure  makes  fibrosis  in  liver  tissue  increase  significantly.  In  addition  to  this,  difference  in 
hydroxyproline  determination  accuracy  of  ISO  3496  method  with  respect  to  other  two  methods  was  found  as 
statistically  significant  (p<0.05)  (Table  1-  Figure  1). 

Discussion 

In  this  study,  effects  of  RFR  generated  by  mobile  phones  on  liver  tissue  collagen  examined  by  using 
hydroxyproline  detection  methods.  Hydroxyproline  is  characteristic  amino  acid  whose  tissue  level  is  used  to 
determine  the  tissue  collagen  level  (Dahl  and  Persson,  1963;  Edwards  and  O’brien,  1980;  Bondjers  and 
Bjorkerud,  1973;  James  et  al,  1990;  Neuman  and  Logan,  1963;  Stegemann,  1958;  Stegemann  et  al,  1963; 
Stegemann  et  al,  1964;  Stegemann  and  Stalder,  1967a;  Stegemann  and  Stalder,  1967b;  Mommersteeg  etal, 
1993;  Reddy  and  Enwemeka,  1996;  Switzer  and  Summer,  1971;  Wood  et  al,  1990). 

Biological  effect  mechanisms  of  RFR  were  analysed  as  thermally  and  non-thermally  also  the  cumulative  effects 
which  are  not  clear  yet.  Increase  of  the  molecular  activities  when  matter  interactions  with  EMF  can  cause 
thermal  effects’  arises.  Electrically  charged  particles  as  ion,  molecular  dipole  and  colloidal  particles  are  always 
in  motion  in  the  unstable  fields.  Electromagnetic  fields  affect  collagen  since  it  is  charged  particle.  If  a  low 
current  is  applied  to  the  collagen  solution  in  acid  solvent,  a  concave  band  is  formed  around  cathode  which  shows 
that  collagen  behaves  like  cation  under  the  effect  of  electric  field.  Effects  of  electric  field  on  hydroxyproline  can 
be  explained  as  collagen  consists  of  hydroxyproline  with  the  ratio  of  l/10(Gustavson,  1956;  Ramachandran, 
1967a;  Ramachandran,  1967b).  The  physical  phenomenon  which  states  that  low  frequency  RFR  can  penetrate 
into  more  internal  tissues  than  high  frequency  RFR  can  be  active  mechanism  on  which  can  explain  why  RF 
radiation  is  non-effective  on  liver  tissue  collagen.  Also,  wavelength  changes  with  respect  to  electrical 
qualifications  of  the  medium.  Certain  systems  with  ionic  conductivity  can  have  high  dielectric  constant  in  the 
range  of  several  thousands.  For  this  reason,  it  is  considered  that  macro  molecules  can  have  comparable 
dimensions  with  the  wavelength  of  microwaves  which  express  spatial  resonances.  But,  if  the  frequency 
increases,  resonance  of  the  large  dipolar  molecules  like  proteins  gets  harder  with  the  field.  Resonance  frequency 
matching  may  be  the  reason  why  1800  MHz  RFR  is  not  effective  on  collagen  in  liver  tissue.  Besides  this  study, 
the  evidences  in  the  earlier  studies  expressed  that  static  and  extremely  low  frequency  (ELF)  50  Hz  electric  fields 
and  magnetic  fields  applied  in  different  direction  and  strength  affected  the  hydroxyproline  level  in  liver  and 
some  other  tissues  like  kidney,  lung,  skin  and  wound  (Giiler,  etal,  1996;  Giiler  and  Atalay  Seyhan,  1996;  Giiler 
and  Seyhan  ,  2001;  Canseven  and  Seyhan,  2005;  Canseven  and  Atalay  Seyhan,  1995;  Canseven  and  Atalay 
Seyhan,  1996;  Canseven  and  Seyhan,  2000,  Seyhan  et  al,  2006) 

It  is  possible  to  determine  the  collagen  level  in  tissue  by  applying  hydroxyproline  determination  methods  which 
should  be  very  accurate  since  liver  tissue  collagen  level  is  less  than  other  tissues  like  skin  or  bone.  In  this  study, 
“H.  Stegemann-K.  Stalder”,  “I.S.  Jamall-V.N.  Finell”  and  “ISO  3496”  were  chosen  as  biochemical  methods  of 
liver  tissue  hydroxyproline  level  determination  after  literature  search.  In  each  of  tree  methods,  tissue  hydrolysis 
hydroxyproline  measured  by  spectrometry  after  adding  Cloramin-T  reactive  which  stains  the  solution.  The 
wavelength  for  measuring  optic  density  of  solution  for  “H.  Stegemann-K.  Stalder”  and  “I.S.  Jamall-V.N.  Finell” 
is  560  nm,  but  for  the  method  called  “ISO  3496”  is  558  nm.  One  of  the  method  named  as  “ISO  3496”  was  found 
as  the  most  accurate  method  with  respect  to  the  other  two  (p<0.05).  This  method  is  nowadays  used  for 
determining  the  absolute  value  of  hydroxyproline  in  the  meat  and  meat  product  industry  which  should  be  very 
little  collagen  content  in  order  to  be  fine  product. 

RFR  radiated  by  mobile  phones  which  are  daily  components  of  our  daily  lives,  exposed  to  male  guinea  pigs  10 
minutes  daily  for  7  days  and  the  increase  of  hydroxyproline  level  in  liver  tissue  was  found  as  statistically 
insignificant  with  respect  to  controls.  However,  although  not  significant,  this  increase  make  a  question  be  asked 
that  what  the  consequence  will  be  if  the  exposure  period  is  prolonged  because  people  use  their  mobile  phones 
more  than  1  week  and  also  may  use  them  more  than  10  minutes  daily. 

For  this  reason,  prolonged  researches  should  be  done  in  order  to  determine  the  biological  effects  of  RFR. 
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Table  1 :  Comparison  of  liver  tissue  hydroxyproline  level  measured  by  tree  different  methods  of  10  minutes  exposure  group 
with  controls 


H.  Stegemann-K.  Stalder 

I.S.  Jamall-V.N.  Finell 

ISO  3496 

Control  -HP 
level 

Exposure-  HP 
level 

Control  -HP 
level 

Exposure-  HP 
level 

Control  -HP 
level 

Exposure-  HP 
level 

0.2686 

0.3260 

0.1845 

0.2902 

0.2851 

0.3419 

0.3045 

0.3003 

0.2706 

0.2882 

0.2914 

0.3302 

0.2479 

0.2418 

0.3198 

0.2872 

0.2987 

0.3158 

0.2606 

0.2551 

0.3690 

0.2671 

0.3041 

0.2849 

0.3225 

0.2710 

0.2706 

0.2730 

0.3057 

0.2861 

0.2985 

0.2911 

0.3075 

0.3171 

0.3117 

0.3044 

0.2427 

0.2729 

0.3321 

0.3029 

0.3209 

0.3006 

0.2460 

0.2913 

0.2828 

0.2652 

0.3301 

0.2910 

0.2553 

0.2692 

0.3819 

0.3152 

0.3012 

0.2994 

0.2433 

0.2547 

0.2706 

0.3006 

0.3034 

0.3037 

0.2979 

0.1968 

- 

0.3075 

- 

0.2716  ±  0.0289 

0.2773  ±  0.0251 

0.2897±0.0622 

0.2907±0.0185 

0.3054  ±  0,0125 

0.3058  ±  0.0186 

Figure  1:  Liver  tissue  hydroxyproline  level  determination  by  using  tree  different  biochemical  methods  I:  H.  Stegemann-K. 
Stalder’s  method,  II:  I.S.  Jamall-V.N.  Finell’s  method  and  III:  Method  of  ISO  3496. 
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Abstract 

The  aim  of  this  study  was  to  evaluate  whether  low-level,  ultra  high  frequency  (UHF)  irradiation  of  935  MHz 
influences  the  cytoskeleton  and  the  cell  growth  of  V79  cells.  UHF  field  was  generated  inside  a  Gigahertz 
Transversal  Electromagnetic  Mode  cell  (GTEM-cell)  equipped  with  a  Hewlett  Packard  signal  generator.  The 
electric  field  strength  was  8.2±0.3  V/cm,  and  the  average  specific  absorption  rate  (SAR)  was  calculated  to  be 
0.12  W/kg.  Cell  samples  were  cultivated  in  a  humid  atmosphere  at  37  °C  in  5%  CCE.  Prepared  cell  samples 
were  exposed  to  the  935  MHz  continuous  wave  frequency  field  for  1,  2  and  3  hours.  The  structure  of 
microtubule  proteins  was  determined  using  the  immunocytochemical  method.  Cell  growth  was  determined  by 
counting  cells  for  each  hour  of  exposure  during  five  post-exposure  days.  The  experimental  procedure  included 
exposed  V79  and  unexposed  control  cells.  In  comparison  to  the  control  cells,  the  microtubule  structure  of  the 
exposed  cells  significantly  altered  after  3  hours  of  irradiation  (p<0.05).  Cell  growth  of  the  cells  exposed  for 
three  hours  significant  dropped  72  hours  after  exposure  (p<0.05).  It  could  be  concluded  that  the  935  MHz  low- 
level  UHF  radiation  affected  microtubule  proteins,  consequently  influencing  the  cell  growth. 

Introduction 

Common  concern  about  biological  effects  of  ultra  high  frequency  (UHF)  electromagnetic  (EM)  fields  in  the 
range  from  300  MHz  to  3  GHz  grows  with  development  of  telecommunications  systems.  So  far,  many  reported 
biological  effects  of  UHF  are  considered  to  be  simply  indeterminate  with  respect  to  their  significance  to  health 
[1].  Therefore,  it  is  important  that  biological  effects  of  UHF  fields  be  understood  at  least  on  cellular  level. 
Numerous  in  vitro  biological  effects  caused  by  low-level  UHF  irradiation  have  been  reported,  and  a  number  of 
studies  conducted  to  assess  changes  at  the  cellular  level  reported  adverse  effects  on  cell  proliferation  and  cell 
membrane  structure  [2,  3].  It  was  also  suggested  that  UHF  could  interact  with  different  apoptosis  pathways  [4]. 
No  other  effects  have  been  observed  on  the  cell  cycle,  enzyme  activity,  gene  expression  or  DNA  and 
chromosome  damage  [5-12].  A  wide  range  of  studies  in  vivo  showed  that  rat  blood-forming  system  could  be 
affected  by  low-level  UHF  fields  [13,  14,  15].  In  addition,  a  number  of  biological  effects  were  observed  in 
animals  during  non-thermal  exposure  to  the  UHF  field  [16,  17,  18].  It  is  apparent  that  studies  of  mobile  phone 
frequencies  often  present  conflicting  results.  Accordingly,  there  is  a  permanent  need  for  independent  and 
objective  research  of  the  UHF  biological  potency.  In  addition,  Repacholi  in  1998,  has  recommended  that  the 
time  course  of  effects  should  be  investigated  to  determine  if  they  are  chronic,  acute,  or  whether  the  effects 
disappear  after  cessation  of  exposure  [19]. 

The  aim  of  this  study  was  to  evaluate  whether  low-level  UHF  of  935  MHz  frequency  field  affects  the 
cytoskeleton  microtubule  structure  and  cell  growth  in  the  continuous  line  of  V79  cells  after  1,  2  and  3  hours  of 
exposure. 

Material  and  methods 

A  continuous  cell  line  of  Chinese  hamster  V79  lung  fibroblasts  was  routinely  grown  in  nutrient  medium 
supplemented  with  antibiotics  and  fetal  calf  serum,  (RPMI  1640,  SIGMA  Chemical  CO,  St.  Louis,  USA).  The 
cells  were  maintained  in  a  humid  atmosphere  at  37  °C  in  5%  CO2,  and  incubated  for  24  hour  prior  to  the 
beginning  of  the  assay.  Electromagnetic  field  frequency  of  935  MHz  was  generated  by  a  certified  Gigahertz 
Transversal  Electromagnetic  Mode  Cell  (GTEM-cell)  equipped  with  a  signal  generator  (Mod.  5402,  ETS™ 
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Lindgren,  USA  and  Hewlett  Packard  HP8657,  Pablo  Alto,  USA)  [20],  Cell  samples  were  exposed  to  UHF  EM 
radiation  in  triplicate  for  one,  two  and  three  hours.  Control  cells  were  kept  in  the  same  experimental  conditions, 
but  were  not  exposed  to  UHF  EM  radiation.  Positive  control  cells  treated  with  0.1  mM  colchicine  (SIGMA 
Chemical  CO,  St.  Louis,  USA)  were  also  included  into  the  study.  The  specific  absorption  rate  (SAR)  was 
averaged  to  be  0.12  W  kg"1  for  a  single  cell.  SAR  was  calculated  by  averaging  the  individual  parameters  of  the 
cell  substance  in  accordance  with  their  volume  fraction  in  the  live  cell  according  to  the  Steffensen’s 
mathematical  model  [21,  22].  Temperature  inside  the  GTEM-cell  was  measured  at  10-minute  intervals  in  order 
to  preserve  steady  temperature  of  37  °C  during  irradiation.  Indirect  immunocytochemical  method  was  used  to 
determine  microtubule  proteins  in  irradiated  and  control  cells  [23],  Cell  culture  samples  were  initially  seeded  in 
total  volume  of  5  ml  in  Permanox  Lab-Tek  Chamber  Slides  (Nunc,  Roskilde,  Denmark)  at  a  concentration  of 
2.5xl04  cells/ml.  After  irradiation  the  cell  culture  samples  were  washed  in  0.5%  triton  X-100  and  permeabilized 
with  calf  albumin  (Imunoloski  zavod,  Zagreb,  Croatia).  Subsequently,  cells  were  fixed  in  a  4% 
paraformaldehyde.  Microtubule  proteins  were  marked  by  a  primary  antibody  (IgG  anti-|:S-tubnlin.  SIGMA 
Chemical  CO,  St.  Louis,  USA).  The  secondary  antibody  was  represented  by  a  conjugate  of  anti-mouse  IgG  and 
fluorescein  isothiocyanate  (FITC,  Imunoloski  zavod,  Zagreb,  Croatia).  The  smears  of  cells  were  mounted  on  a 
fluorescent  medium.  To  determine  cell  proliferation,  V79  cells  were  plated  in  the  concentration  of  lxl04cells/ml 
in  24-well  plates  (TPP,  Switzerland).  For  each  hour  of  exposure,  cell  proliferation  was  determined 
microscopically  by  cell  counts  on  post-exposure  hours  24,  48,  72,  96  and  120  [24],  Collected  data  were 
analyzed  using  Statistica  7.0  (StatSoft  Inc.,  USA).  Results  were  presented  as  mean  values  and  standard 
deviations  or  errors  (SD/SE).  Pairwise  comparisons  between  groups  of  data  were  performed  using  the  analysis 
of  variance  ANOVA/MANOVA.  Statistical  difference  was  determined  at  p<0.05. 

Results 

Figures  la  and  lb  show  marked  microtubule  proteins  in  control  and  positive  control  samples  V79  cells. 
Compared  to  controls,  the  exposed  V79  cells  showed  time-dependent  susceptibility  to  UHF  irradiation 
associated  with  microtubule  activity.  Irregularities  were  also  observed  in  cell  morphology  and  microtubule 
protein  structure.  The  observed  phenotype  changes  in  irradiated  cells  were  characterized  by  cytoplasm 
membrane  knobs  and  cytoplasm  bubbles.  After  one  and  two  hours  of  exposure,  most  microtubules  were 
normally  developed  and  their  features  did  not  essentially  differ  from  control  samples  (Figure  2a,  2b).  The 
structure  of  mitotic  spindle  remained  regular  (Figure  3).  After  the  three-hour  UHF  exposure,  the  microtubule 
proteins  started  to  significantly  differ  from  matched  control  samples  (p<0.05).  After  three  irradiation  hours 
cellular  microtubule  structure  changed  to  more  grainy  (Figure  2c).  Irregularity  in  microtubule  structure  was 
defined  by  distinct  grainy  clusters  of  proteins.  These  findings  suggested  that  microtubule  fiber  organization 
could  be  acutely  dissipated  by  the  935  MHz  UHF  irradiation.  Figures  4,  5  and  6  show  the  growth  of  V79  cells 
after  one,  two  and  three  hours  of  935  MHz  microwave  irradiation  and  the  growth  of  control  cells.  In  comparison 
to  control  cells,  cells  exposed  for  three  hours  showed  a  significant  drop  (p<0.05)  in  cell  growth  72  hours  after 
irradiation  (Fig.  6).  The  fall  in  the  cell  number  on  the  fifth  day  (120  hours)  after  exposure  seems  to  be  the 
consequence  of  cell  culture  confluence  and  depletion  of  medium  ingredients,  which  is  confirmed  by  a  decrease 
in  the  cell  number  of  matched  controls.  Each  data  point  at  the  curves  represents  the  mean  value  obtained  from 
six  separate  cell  samples. 
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(a)  (b)  (c) 

Figure  2.  Appearance  of  microtubules  structure  in  V79  cells  after  1(a),  2(b)  and  3(c)  hours  ofUHF  exposure 


Figure  3.  Mitotic  spindle  structure  in  V79  cell  after  two  hours  ofUHF  exposure 


[Ed Exposed  cells 
■  Control  cells 


Figure  4.  Growth  of  V79  cell  culture  after  one-hour  of  UF1F  exposure  and  of  matched  control  culture 
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yy  Exposed  cells 
■  Control  cells 


Figure  5.  Growth  of  V79  cell  culture  after  two-hour  of  UHF  exposure  and  of  matched  control  culture 


Hours 

Figure  6.  Growth  of  V79  cell  culture  after  three-hours  of  UHF  exposure  and  of  matched  control  culture 
(*  significance  /><0.05) 

Discussion 

An  experiment  with  whole -body  exposure  of  rats  showed  that  UHF  EM  irradiation  had  an  effect  on  the 
proliferation  and  maturation  of  heamotopoietic  cells  [14].  Although  the  authors  propose  a  reasonable 
explanation  of  the  UHF  EM  action  in  vivo,  we  believe  that  a  precise  insight  into  the  mechanism  requires  an  in 
vitro  approach  to  the  problem.  Microtubule  protein  fibers  are  extremely  dynamical  structures  whose  function 
depends  on  dynamic  instability,  i.e.  on  continuous  binding  of  free  tubulin  proteins  in  microtubules  and  their 
degradation  to  basic  protein  units.  It  is  believed  that  internal  electrostatic  forces  and  microtubule  dynamic 
instability  can  be  disturbed  by  outside  electrostatic  forces.  Depending  on  the  dipole  momentum,  an  external 
electric  field  could  affect  the  dynamic  instability  of  microtubules  and  increase  the  number  of  free  tubulin 
proteins  in  cytoplasm  [25].  In  our  study  the  935  MHz  UHF  exposure  seems  to  have  led  to  time-dependent 
increases  of  visible  fluorescent  grain  structures  or  free  cytoplasmatic  tubulin  proteins.  The  observed  grain 
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structures  revealed  noticeable  destruction  of  microtubule  fibers.  Pacini  et  al.,  demonstrated  that  exposure  of 
cultured  human  cells  to  cellular  phone  radiofrequencies  caused  massive  morphological  and  functional  changes. 
After  one  hour  of  exposure  to  902.4  MHz  frequency  field  with  the  SAR  of  0.6  W/kg,  a  significant  increase  was 
reported  in  gene  expression  related  to  the  stress  response  proteins,  cell  cycle  regulators,  nuclear  receptors, 
cytoskeleton  and  proteins  of  extracellular  matrix  [26].  The  alteration  of  cytoskletetal  actin  protein  structure  in 
human  astrocytoma  cell  line  caused  by  835  MHz  irradiation  and  field  power  density  of  40  mW/cm2  was 
reported  as  well.  In  the  same  frequency  field  an  alteration  of  cell  proliferation  was  observed  at  8.1  mW/cm2 
[27].  Neither  Stagg’s  no  Higashikubo’s  group  observed  any  other  changes  through  the  Gl,  G2  and  S  phase,  and 
cell  division,  immediately  after  exposure  up  to  modulated  835.62  MHz  frequency  wave,  SAR  0.6  W/kg  [28,  29] 
for  100  hours.  According  Bohr  &  Bohr,  UHF  field  affects  the  kinetics  of  conformational  changes  of  the  protein 
P-lactoglobulin.  Exposure  accelerates  changes  towards  the  equilibrium  state  by  excitation  of  collective  intrinsic 
modes  in  the  protein  [30].  Electric  dipole  momentum  of  microtubule  proteins  complies  with  the  basic  condition 
for  vibration  excitation  and  creation  of  internal  oscillated  electric  field  [31].  It  becomes  clear  that  internal 
oscillated  electric  field  might  interfere  with  outside  electromagnetic  forces  which  could  finally  lead  to  a 
measurable  biological  effect.  It  could  be  concluded  that  under  the  applied  conditions,  935  MHz  low-level  UHF 
radiation  affects  microtubule  protein  structure,  followed  by  disturbances  in  cell  growth  kinetics  in  a  time- 
dependent  manner. 
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Abstract 

This  paper  proposes  an  innovative  microwave  system  for  the  preparation  of  cytological  slides.  The  system 
exploits  an  electromagnetic  field  to  allow  the  cellular  deposition  thus  reducing  the  use  of  the  centrifuge.  The 
analysis  of  the  electromagnetic  field  effects  on  the  cells  in  solution  is  of  primary  importance.  In  fact,  to  perform 
a  uniform  cell  deposition,  the  generated  electric  field  must  not  induce  deformation  of  the  cell  structure  and,  in 
particular,  the  sizes  of  its  nucleus. 

A  new  version  of  GTEM  cell  able  to  generate  a  uniform  and  well  controlled  electromagnetic  field  has  been 
designed.  The  cellular  solution  is  inserted  inside  the  GTEM  cell  by  using  a  container,  on  the  bottom  of  which  the 
slide  is  placed.  The  electric  and  magnetic  field  strengths,  that  best  fit  the  process  requirements,  have  been 
evaluated  by  using  a  commercial  computer  code  able  to  model  the  electromagnetic  propagation  inside  the  GTEM 
cell  together  with  the  cytological  sample.  The  distribution  of  the  electric  and  magnetic  field  modulus  has  been 
evaluated  to  verify  the  electromagnetic  uniformity  conditions. 

Introduction 

The  conventional  technique  for  the  cytological  tests  is  manual  and  based  on  the  smear  of  vaginal  cells  (PAP 
TEST).  The  transfer  of  the  material,  captured  by  a  small  brush,  on  the  glass  is  a  complex  practice.  In  most  cases 
the  smeared  cells  are  not  representative  of  the  entire  population  of  captured  cells.  In  fact,  all  species  must  be 
present  in  reasonable  quantities  such  to  be  able  to  represents  the  whole  sample.  Moreover,  the  cellular  overlap 
and  the  casual  disposition  of  mucus  make  difficult  the  PAP  TEST  preparation. 

The  most  important  parameter  which  is  needed  to  evaluate  the  cell  malignancy  is  the  ratio  between  its  total 
volume  and  the  volume  of  its  nucleus.  In  tumoral  cells  the  nucleus,  compared  with  the  cell  dimensions  in  its 
complex,  appears  enlarged.  It  is  possible  to  distinguish  two  types  of  intraepithelial  lesions:  HSIL  (High  Grade 
Squamous  Intraepithelial  Lesion)  and  LSIL  (Low  Grade  Squamous  Intraepithelial  Lesion).  Therefore,  the  fixing 
effect  can  affect  the  correct  interpretation  of  the  cytological  solution.  In  order  to  overcome  this  problem,  that  can 
compromise  the  diagnosis,  the  cytology  market  evolves  in  the  direction  of  monolayer-based  technologies  [1-3]. 
At  present,  these  technologies  are  not  much  spread,  because  of  the  required  complex  techniques,  such  as 
filtration  and  centrifuge  steps,  for  cellular  deposition  on  slide.  In  fact,  because  of  the  filtration  step  [4]  some 
species,  such  as  bacterium  and  little  particles,  could  be  not  present  on  the  slide.  On  the  other  hand,  because  of 
the  centrifuge  step,  strong  forces  are  involved,  that  might  change  the  cellular  nucleus  sizes. 

In  this  paper  an  innovative  system  for  the  preparation  of  the  cytological  slides  is  proposed.  This  system  exploits 
the  electromagnetic  (EM)  field  in  order  to  facilitate  the  cellular  deposition  thus  reducing  or  avoiding  the 
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centrifuge  step. 

Because  of  to  the  innovativeness  of  this  technology,  the  analysis  of  the  electromagnetic  field  effects  on  the  cells 
in  solutions  is  of  primary  importance.  We  propose  a  new  version  of  the  GTEM  (Gigahertz  Transverse  Electro- 
Magnetic)  cell  to  be  used  for  the  cytology  slide  preparation  able  to  generate  a  uniform  and  well  controlled 
electromagnetic  field.  The  electric  field  polarization  and  strength,  that  best  fit  the  process  requirements,  have 
been  evaluated.  In  fact,  to  perform  a  uniform  cell  deposition  and  to  increase  the  cell  mobility,  the  electric  field 
must  not  deform  the  cell  structure  and,  in  particular,  the  nucleus  sizes.  It  is  important  to  assure  the  uniformity  of 
EM  field  in  the  sample.  Therefore,  the  design  of  the  GTEM  cell  has  been  aimed  to  achieve  a  uniform  distribution 
of  electromagnetic  field  in  the  test  region.  For  this  purpose,  the  requirement  of  the  50  Q  impedance  matching 
condition  along  the  propagation  direction  and  at  the  terminal  sections,  must  be  satisfied. 

GTEM  cell  prototype  design 

The  GTEM  cell  is  a  tapered  coaxial  waveguide  commonly  used  in  Electromagnetic  Compatibility  (EMC)  tests  to 
simulate  free-space  radiation  conditions  in  a  shielded  and  restricted,  environment.  Accurate  and  repeatable 
measures  can  be  performed  for  operating  frequencies  up  to  a  few  GHz.  Additionally,  a  uniform  EM  field 
distribution  can  be  guaranteed  in  the  test  region  of  the  shielded  overall  volume.  In  absence  of  resonance  and 
reflection  phenomena  inside  the  GTEM  cell,  a  good  EM  field  uniformity  can  be  reached.  This  implies  that  the 
impedance  matching  condition  must  be  satisfied  both  along  the  propagation  direction  and  at  the  terminal  sections 
by  an  appropriate  design  of  the  GTEM  cell  as  regards  its  sizes  and  the  absorbing  load. 

A  GTEM  cell  can  actually  be  considered  as  a  tapered  stripline  with  an  offset  inner  conductor,  here  referred  to  as 
septum,  that  allows  the  only  TEM  mode  propagates.  Such  a  cell  behaves  as  a  transmission  line  with  an 
associated  characteristic  impedance  depending  on  the  geometrical  parameters  of  the  structure.  These  have  been 
chosen  in  order  to  maximize  the  test  volume  [5]:  cell  length  L  =  45  cm  (pyramid  height),  aspect  ratio  ( b+d)/a  = 
2/3  (in  the  terminal  section  we  have  a  =  24  cm,  b  =  4  cm  and  d  =  12  cm),  angles  0  =  5°,  y  =  10°  and  a  =  15°. 
These  parameters  are  shown  in  Fig.  1.  The  characteristic  impedance  of  the  GTEM  cell  have  been  evaluated  with 
the  use  of  a  code  based  on  the  singular  integral  technique  [6].  A  50  O  characteristic  impedance  occurs  in  the 
case  of  the  septum  width  vv  to  the  cell  width  a  ratio  equal  to  w/a  =  0.7.  This  impedance  is  constant  because  the 
tapered  shape  of  the  GTEM  cell  allows  to  hold  the  same  aspect  ratio  throughout  the  propagation  direction.  In 
Fig.2  the  fabricated  GTEM  cell  prototype  is  shown. 

The  GTEM  cell  has  been  designed  by  using  a  full-wave  commercially  computer  code  (CST  MW  Studio),  based 
on  the  Finite  Integration  Technique  (FIT).  Figs.  3  and  4  illustrate  the  used  CST  model  of  the  GTEM  cell  without 
and  with  the  sample,  respectively.  A  few  simplifications  are  introduced  in  order  to  reduce  its  complexity  and  the 
related  computation  time.  The  SMA  connector,  where  the  signal  generator  is  connected,  together  with  its 
transition  to  the  GTEM  cell  septum,  have  been  neglected.  According  to  the  CST  specifications,  a  waveguide  port 
has  been  defined  by  cutting  the  GTEM  cell  pyramidal  shape  in  correspondence  of  the  SMA-connector  to  the 
septum  transition.  A  second  waveguide  port  has  similarly  been  defined  at  the  terminal  section  of  the  GTEM  cell, 
thus  allowing  an  optimal  impedance  matching  condition  at  both  the  input/output  load  sections. 


Fig.  1  :  Geometric  parameters  of  the  GTEM  cell. 


Fig.2:  Photo  of  the  GTEM  cell  prototype. 
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Fig.  3:  CST  model  of  the  GTEM  cell  without  sample. 


Fig.  4:  CST  model  of  the  GTEM  cell  with  the  chamber. 


Electromagnetic  analysis 

The  electromagnetic  analysis  in  the  transversal  section  of  the  GTEM  cell  has  been  carried  out  by  means  of  a 
home-made  computer  code  based  on  the  Transverse  Resonance  Diffraction  (TRD)  method  [7].  In  the  region 
under  the  septum  the  E-fteld  exhibits  an  almost  uniform  pattern  along  the  propagation  direction  z.  However,  the 
tapered  shape  of  the  GTEM  cell  allows  the  propagation  of  a  few  higher-order  modes.  They  can  be  originated 
only  in  correspondence  of  the  larger  sections  and  are  responsible  for  a  possible  perturbation  of  the 
electromagnetic  field  distribution  and  uniformity.  Further  modes  can  be  originated  either  by  cross-sectional 
discontinuities  or  by  the  presence  of  the  biological  sample,  that  introduces  inhomogeneous  conditions  along  the 
propagation  direction.  These  higher-order  modes  can  be  neglected,  due  to  their  low  associated  power.  Moreover, 
the  contribution  of  higher-order  modes  to  the  whole  electromagnetic  field  can  be  minimized  by  suitably  choosing 
the  position  of  the  sample  in  the  GTEM  cell.  Therefore,  the  optimal  position  of  the  cytologic  sample  must  be 
chosen  in  order  to  reduce  the  number  of  propagating  modes  and  the  induced  electromagnetic  field  perturbation. 
In  fact,  the  presence  of  higher-order  modes  reduces  the  extension  of  the  test  region  in  the  GTEM  cell.  By  means 
of  the  TRD  method  we  have  verified  that  for  the  frequency  f  =  0.9  GHz  the  monomodality  is  ensured  from  z  =  0 
m  to  z  =  0.30  m.  In  fact,  the  first  higher-order  mode  starts  to  propagate  exactly  from  z  =  0.295  m.  On  the  other 
hand,  for  f  =1.8  GHz  the  monomodality  is  ensured  only  for  z  <  0.150  m.  Therefore  the  best  operating 
frequency  is  f  =  0.9  GHz,  for  which  two  modes  appear  at  the  end  section  of  the  GTEM  cell,  that  are  the  TEM 
and  the  TEpl  modes.  The  latter  can  be  neglected  ,  it  being  excited  at  the  bottom  of  the  GTEM  cell  and  the  energy 
exchange  between  the  two  modes  being  very  low.  Then,  we  can  consider  the  only  TEM  mode  without  an 
valuable  error.  In  order  to  confirm  this  result,  the  scattering  parameters  have  been  calculated.  Fig.  5  reports  the 
S 1 1  and  S21  parameters  as  a  function  of  the  frequency  in  the  range  from  0  Hz  and  3  GHz.  In  particular,  the  Sn 
parameter  is  everywhere  low,  thus  putting  in  evidence  that  the  signal  reflection  is  low.  On  the  other  hand,  the  S21 
parameter  assumes  unitary  value  that  is  equivalent  to  total  power  transfer  at  the  terminal  section. 

Moreover,  the  scattering  parameters  assume  an  almost  flat  behaviour  for  the  frequencies  around  1  GHz.  Vice 
versa,  for  f  >  1  GHz  the  scattering  parameters  assume  an  oscillating  trend,  with  peaks  more  and  more  increasing. 
In  conclusion,  for  f  <  900  MHz  the  reflection  phenomena  inside  the  simulated  GTEM  cell  model  can  be 
neglected. 

The  described  ideal  behaviour  modifies  by  the  introduction  of  the  sample  into  the  GTEM  cell.  To  this  aim  the 
cellular  solution  is  inserted  into  the  GTEM  cell  by  using  a  suitably  designed  holder,  shown  in  Fig.  6,  on  the 
bottom  of  which  the  slide,  devoted  to  collect  the  cells,  is  placed. 

The  holder  has  the  following  geometric  parameters:  basement  of  sizes  7.5  cm  x  4.4  cm  x  0.5  cm;  slide  of  sizes 
7.5  cm  x  2.5  cm  x  0.1  cm;  cylinder  extern  diameter  1.8  cm;  cylinder  internal  diameter  1.6  cm;  cylinder  height  4 
cm.  The  basement  and  the  cylinder,  made  of  plastic,  are  characterized  by  the  following  electromagnetic 
parameters:  sr  =  2.55  and  pr  =  1;  the  slide,  made  of  Glass  Pyrex  by  sr  =  4.82  and  pr  =  1.  The  cylinder  has  been 
simulated  by  considering  the  presence  of  cells  in  watery  solution.  This  solution  fills  for  half  height  the  cylinder 
and  is  identified  by  sr  =  49.779,  pr  =  1  and  dielectric  tangent  5  =  0.38. 

Figs.  7  and  8  show  the  Sn  and  S21  parameters  as  a  function  of  the  frequency  in  the  range  from  0  Hz  to  3  GHz, 
calculated  in  the  presence  of  the  sample.  Fig.  7  shows  that  the  Sn  parameter  assumes  low  values,  while  Fig.  8 
shows  the  S2i  values  equal  to  about  1  for  f  <  900  MHz. 
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Fig.  5:  Scattering  parameters  vs  frequency  for  the  GTEM 
cell  without  sample:  Sn  (red  line)  and  S2i  (green 
line). 


Fig.  6:  Chamber  for  cytological  vaginal  samples. 


Fig.  7:  Sn  parameter  vs  frequency  for  the  GTEM  cell  Fig.  8:  S2i  parameter  vs  frequency  for  the  GTEM  cell  in 
in  presence  of  the  cytological  sample.  presence  of  the  cytological  sample. 

Electromagnetic  field  evaluation 

Several  simulations  of  the  EM  field  have  been  carried  out  by  changing  the  position  of  the  holder  in  the  GTEM 
cell.  The  monomodality  is  ensured  from  z  =  0  m  to  z  =  0.30  m,  but  the  geometrical  sizes  of  the  holder  do  not 
allow  to  place  the  sample  anywhere  in  the  GTEM  cell,  owing  to  the  presence  of  the  septum.  The  sample  has 
been  placed  in  seven  positions:  z  =  0.172  m,  z  =  0.182  m,  z  =  0.204  cm,  z  =  0.220  m,  z  =  0.236  m,  z  =  0.252  m,  z 
=  0.262  m.  The  distance  between  two  adjacent  positions  is  1.6  cm,  equal  to  the  diameter  of  the  cylinder.  For  each 
position  the  average  strength  of  the  electric  field  components  has  been  calculated  in  a  circular  section  of  the 
sample  placed  at  a  height  of  1.5  cm  from  the  bottom  of  the  GTEM  cell,  having  a  thickness  equal  to  1  mm.  Fig.  9 
reports  the  average  strength  of  the  three  Ex,  Ey,  Ez  components  of  the  electric  field  as  a  function  of  the  seven 
positions.  The  most  important  electric  field  component  for  the  cell  deposition  on  the  slide  is  Ey.  In  fact,  in  order 
to  deposit  the  cells  on  slide  without  deforming  its  nucleus,  the  Ex  and  Ez  components  must  be  negligible  with 
respect  to  Ey  to  avoid  the  deposition  of  the  cells  on  the  walls  of  the  holder.  Fig.  10  shows  the  variance  Ve  of  the 
average  components  of  the  electric  field.  We  can  see  that  the  dominant  Ey  component  assumes  an  almost 
constant  variance  in  dependence  of  the  z  position. 

The  same  analysis  has  been  carried  out  for  the  magnetic  field  and  the  results  are  shown  in  Figs.  11  and  12.  The 
strength  of  the  magnetic  field  must  be  very  low  in  order  to  not  give  a  rotational  moment  to  the  cells.  On  the  basis 
of  the  obtained  results,  the  sample  inside  the  GTEM  cell  must  be  inserted  in  correspondence  of  the  region  within 
z  =  0.23  m  and  z  =  0.25  m. 

In  Figs.  13  and  14  the  distribution  of  the  electric  and  the  magnetic  field  modulus  is  shown  in  the  case  of  sample 
placed  inside  the  GTEM  cell  at  z  =  0.236  m,  where  the  best  uniformity  condition  takes  place. 
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Conclusions 

An  innovative  system  for  the  preparation  of  cytological  slides  has  been  studied.  It  exploits  the  electromagnetic 
field  in  order  to  allow  the  cellular  deposition  on  slides.  A  new  version  of  GTEM  cell,  able  to  generate  a  uniform 
and  well  controlled  electromagnetic  field,  has  been  proposed  and  designed.  A  prototype  has  been  realized  by 
taking  into  account  special  test  requirements.  50  Q  characteristic  impedance  has  been  found  by  adequately 
choosing  the  geometrical  parameters.  The  electromagnetic  analysis  has  been  carried  out  by  a  Transverse 
Resonance  Diffraction  method  and  by  a  commercial  computer  code  (CST  MWS).  The  cellular  solution  has  been 
inserted  inside  the  GTEM  cell  by  using  an  apposite  holder,  on  the  bottom  of  which  the  slide  has  been  placed.  At 
the  best  operating  frequency  f  =  0.9  GHz,  two  modes  propagate  along  the  GTEM  cell:  the  TEM  and  the  TEpi 
modes.  This  latter  can  be  neglected  because  the  energy  exchange  between  the  two  modes  is  practically  null. 

By  considering  the  average  electric  field  at  different  positions  along  the  GTEM  cell,  we  have  evaluated  that  the 
best  position  where  the  sample  must  be  placed  during  the  deposition  is  in  the  region  within  z  =  0.23  m  and  z  = 
0.25  m.  In  fact,  in  those  section  both  the  electric  and  magnetic  fields  are  uniform. 
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Abstract 

This  study  is  the  analysis  of  Hands  Free  Kits  SAR  measurement  results  corresponding  to  124  different  mobile 
phones.  The  mobile  phones  are  measured  following  EN50361  protocol  and  the  Hands  Free  Kits  following  a  new 
specific  protocol.  The  comparison  between  phone  SAR  and  Hands  Free  Kits  SAR  is  made  and  we  introduce  the 
SAR  reduction  factor,  which  is  the  ratio  of  the  phone  and  the  Hands  Free  Kits  SAR  values.  The  mean  value  of 
the  SAR  reduction  factor  is  about  11  for  GSM900  frequency  band  and  18  for  DCS  1800,  which  are  very 
consistent  values.  The  lower  values  of  SAR  reduction  factor  correspond  to  lower  values  of  phone  SAR.  Finally, 
the  use  of  Hands  Free  Kits  decreases  statically  significantly  the  SAR  value  in  the  user  head  but  the  obtained 
SAR  values  are  not  absolutely  negligible  and  it  is  necessary  to  study  Hands  Free  Kits  SAR. 


Introduction 

Since  a  few  years  the  use  of  Hands  Free  Kits  (HFK)  with  mobile  phones  is  increasing.  The  distance  between  the 
phone  antenna  and  the  user  head  is  larger  with  HFK  and  one  can  think  that  the  RF  power  deposited  in  the  user 
head  is  significantly  reduced.  However  the  wire  of  HFK  is  metallic  and  the  RF  currents  induced  on  this  wire  can 
be  the  sources  of  power  deposition  is  the  user  head  [1]  Supelec  carries  out  dosimetry  measurements  for  HFK 
since  a  few  years,  by  the  mean  of  its  high  sensitivity  own  dosimetry  measurement  system  [2]  (figure  1),  and  a 
large  data  base  has  been  constituted  from  2002  to  2004.  124  different  mobile  phones  and  HFK,  corresponding  to 
20  different  marks,  have  been  tested,  100  of  which  are  classical  phones,  21  are  clamshells  and  3  are  PDA.  The 
number  of  monopole  antenna  handsets  is  37  and  the  number  of  integrated  antennas  is  87. 


Measurement  protocols 

The  124  different  mobile  phones  and  their  HFK  have  been  measured  following  EN50361  protocol  for  the 
handset  and  the  following  described  protocol  for  HFK.  There  are  6  different  measurements  for  each  frequency 
band,  corresponding  to  2  different  HFK  wire  configurations  and  3  different  frequencies:  lower,  center  and  upper 
frequencies.  The  2  different  wire  configurations  are  1)  tensed  wire  (figure  2. a),  2)  wire  with  two  three  cm 
diameter  loops  near  the  phone  antenna  (figure  2.b),  the  exact  position  of  which  corresponding  to  an  obtained 
maximum  SAR  value  at  the  center  frequency.  The  tensed  wire  configuration  corresponds  to  a  ‘’natural” 
situation  and  the  wire  with  loops  to  a  worst  case.  The  end  of  the  wire  near  the  earpiece  is  applied  to  the  SAM 
phantom  head  surface  close  to  the  ear.  The  wire  length  in  contact  with  the  phantom  is  2cm.  The  HFK  Specific 
Absoiption  Rate  (SAR)  in  each  frequency  band  is  the  maximum  obtained  value  for  the  6  measurements. 


Measurement  results  analysis 
Phone  and  HFK  SAR 

The  results  of  these  measurements  are  shown  in  figure  3. a  for  GSM900  frequency  band  and  b  for  DCS  1800 
band.  The  SAR  values  are  very  smaller  in  the  case  of  HFK  than  for  mobile  phones  for  the  two  frequency  band. 
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Figure  3.b:  Maximum  SAR  values  obtained  in  DCS1800  frequency  band  function  of  mobile  phone  number. 


The  measurement  results  have  been  analysed.  Table  1  and  fig  4,a  and  b  show  the  repartition  of  the  SAR  values 
obtained  for  GSM900  and  DCS  1800  frequency  bands. 


Flandset 

HFK 

Freq.band 

GSM900 

DCS1800 

GSM900 

DCS1800 

Mean  value 

0.62 

0.30 

0.12 

0.044 

Standard 

deviation 

0.23 

0.19 

0.088 

0.041 

Max.value 

1.2 

1.6 

0.43 

0.22 

Min. value 

0.17 

0.018 

0.006 

0.001 

Table  1:  Maximum,  minimum  and  mean  value  for  SAR  measurement  results  (W/kg).  These  values  are  taken  on 
the  different  mobile  phones. 


For  the  handset  SAR,  GSM900  frequency  band  values  are  larger  than  DCS1800  frequency  band  values,  in  about 
a  2  to  1  ratio  (the  emitted  power  ratio).  Phone  SAR  values  are  hardly  larger  than  F1FK  SAR  values  with  a  ratio 
larger  than  10. 

The  table  2  presents  the  phone  proportion  giving  the  maximum  phone  or  F1FK  SAR  value  in  the  GSM900  or 
DCS  1800  frequency  band. 
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Phone  SAR 


- GSM900 

- DCS1800 


Fig.  4. a.  Mobile  phones  SAR  distribution  function. 


HFKSAR 


SAR  (W/kg) 


Figure  4.b:  F1FK  SAR  distribution  function. 


GSM900 

DCS1800 


Freq.  band 

GSM900 

DCS1800 

Max.  phone 
SAR 

96% 

4% 

Max.HFK  SAR 

84% 

16% 

Table  2:  Phones  and  F1FK  percentage  giving  the  maximum  phone  or  F1FK  SAR  value  in  the  corresponding 
frequency  band. 

A  large  majority  of  phones  have  their  maximum  phone  and  F1FK  SAR  values  for  the  GSM900  band,  due  to  the 
two  time  higher  emitted  power. 


SAR  Reduction  factor  due  to  HFK 

To  evaluate  the  impact  of  F1FK  use  on  user  head  exposition,  we  have  calculated  the  SAR  reduction  factor,  which 
is  the  ratio  of  the  handset  SAR  value  and  the  F1FK  SAR  value  for  a  given  frequency  band.  Table  3  and  figure  5 
present  the  SAR  reduction  factor  value  repartition  obtained  from  the  measurements. 
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The  SAR  reduction  factor  is  very  significant:  the  mean  value  is  11.2  for  GSM900  frequency  band  and  17.4  for 
DCS  1800  band.  It  can  reach  103  and  300  respectively  for  GSM900  and  DCS  1800.  For  one  handset,  a  PDA  one, 
there  is  no  SAR  reduction  and  the  SAR  reduction  factor  is  0.63  for  GSM900  and  0.36  for  DCS1800. 


SAR  reduction  factor 


Figure  5:  SAR  reduction  factor  distribution  function. 


Freq.  band 

GSM900 

DCS1800 

Mean  value 

11.2 

17.5 

Standard 

deviation 

17.2 

36.2 

Max.  value 

102 

300 

Min.  value 

0.63 

0.57 

Table  4:  Maximum,  minimum  and  mean  value  for  SAR  reduction  factor.  These  values  are  taken  on  the  different 
mobile  phones. 


Relation  between  Handset  SAR  and  HFK  SAR 

For  HFK  SAR  interpretation  we  have  compared  handset  and  HFK  SAR  values  for  each  mobile  phone.  This 
comparison  is  done  in  figures  6. a  and  b. 

Phone/HFK  SAR  correlation  -  GSM900 


Fig.  6. a.  Correlation  between  phone  and  HFK  SAR  values  for  GSM900  frequency  band. 
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Phone/HFK  SAR  correlation  -  DCS1800 


Phone  SAR  (W/kg) 


Fig.  6.b.  Correlation  between  phone  and  HFK  SAR  values  for  DCS1800  frequency  band. 

The  correlation  between  phone  and  F1FK  SAR  values  are  low,  especially  for  DCS  1800  frequency  band. 


Relation  between  Handset  SAR  and  SAR  reduction  factor 

The  same  method  has  been  applied  to  handset  and  HFK  SAR  reduction  factor  comparison.  The  figures  7a  and  b 
show  this  comparison. 


Phone/reduction  factor  SAR  correlation-GSM900 
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Figure  7a:  Correlation  between  phone  SAR  and  SAR  reduction  factor  values  for  GSM900  frequency  band. 
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Phone/reduction  factor  SAR  correlation-DCS1800 


Phone  SAR  (W/kg) 


Figure  7b:  Correlation  between  phone  SAR  and  SAR  reduction  factor  values  for  DCS1800  frequency  band. 

SAR  reduction  factor  and  phone  SAR  are  also  moderately  correlated,  but  the  lower  values  of  SAR  reduction 
factor  corresponds  to  lower  value  of  SAR  phone  values  and  higher  values  of  SAR  reduction  factor  corresponds 
to  higher  value  of  SAR  phone  values. 


Conclusion 

The  use  of  HFK  decreases  significantly  the  phone  user  head  exposition  with  a  factor  larger  than  1 1  for  GSM900 
frequency  band  and  17  for  DCS  1800.  There  is  quite  no  correlation  between  the  phone  SAR  and  the  F1FK  SAR. 
FIFK  SAR  are  relatively  low  but  not  absolutely  negligible.  Consequently,  it  is  interesting  to  measure 
systematically  FIFK  SAR  and  to  study  it.  We  are  now  working  to  a  new  FIFK  dosimetry  protocol  in  the  french 
RNRT  research  program  Adonis.  Mobile  phones  manufacturers  have  also  to  consider  this  problem  for  FIFK 
SAR  reduction. 

This  research  was  sponsored  by  the  french  operator  Bouygues  Telecom. 
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Abstract 

The  real  exposure  to  the  RF  radiation  of  a  given  mobile  phone  depends  upon  several  parameters:  emitted  power 
level,  TDMA  pulses  density,  position  of  the  handset,  frequency  bandwidth...  The  normative  value  for  the  SAR 
corresponds  only  to  a  given  configuration  at  maximum  power.  The  emitted  power  of  a  mobile  phone  can  vary 
over  a  30dB  dynamic  range  due  to  Power  Control  (PWC).  For  GSM,  when  no  information  has  to  be  transmitted, 
the  TDMA  pulses  density  can  decrease  with  a  factor  10  or  more.  The  result  of  this  is  the  potential  variation  of 
the  mean  emitted  power  of  a  mobile  phone  over  a  dynamic  range  larger  than  40dB.  Then  the  real  SAR  value  can 
be  significantly  lower  than  the  normative  value. 

The  SAR  meter  performs  real  time  in  situ  measurements  of  mobile  phone  radiated  power,  allowing  the 
evaluation  of  the  real  exposure  of  the  user  head.  This  set  up  is  portable  and  consists  of  a  sensor,  a  receiver  and  a 
laptop  microcomputer  which  performs  data  acquisition,  signal  processing  and  results  visualization.  A  lot  of 
measurements  have  been  made  and  the  order  of  magnitude  of  the  real  emitted  power  of  mobile  phones  has  been 
evaluated. 


Introduction 

The  real  exposure  to  the  RF  radiation  of  a  given  mobile  phone  depends  upon  several  parameters:  emitted  power, 
TDMA  pulses  density,  position  of  the  handset,  frequency  bandwidth...  The  normative  value  for  the  SAR 
(EN50361)  corresponds  only  to  a  given  configuration  at  maximum  power.  The  emitted  power  of  a  mobile  phone 
can  vary  over  a  30dB  dynamic  range  due  to  Power  Control  (PWC).  For  GSM  when  no  information  has  to  be 
transmitted,  the  TDMA  pulses  density  can  decrease  with  a  factor  10  or  more.  The  result  of  this  is  the  potential 
variation  of  mean  emitted  power  of  a  mobile  phone  over  a  dynamic  range  larger  than  40dB. 

Real  exposure 

This  paper  describes  a  device  allowing  the  evaluation  of  real  mobile  phones  exposure  of  the  user  head.  The 
principle  of  this  device  is  to  analyse  the  signal  transmitted  by  the  phone  antenna  by  the  mean  of  a  low  perturbing 
reception  antenna.  The  received  power  is  proportional  to  the  phone  emitted  power.  At  the  beginning  of  the 
communication  the  power  is  maximum  (Pmax),  and  we  can  use  this  value  to  normalize  the  emitted  power  (P)  at  a 
given  time.  Then,  we  obtain  a  reduction  coefficient  on  the  emitted  power  (Crp). 


When  all  the  TDMA  pulses  are  present,  their  frequency  is  Fmax=209Hz.  This  value  allows  the  normalisation  of 
the  real  frequency  (F)  of  the  TDMA  pulses  leading  to  the  density  (D)  of  the  TDMA  pulses. 


D  =  F/F 


max 


In  these  conditions  the  mean  emitted  power  (Pm)  is  decreased  with  a  factor  Crmp  in  comparison  with  the 
maximum  mean  emitted  power  (Pmmax) 


v-'rmp  rnvrmmax  ^rp 

The  SAR  is  proportional  to  the  mean  emitted  power  and  Crmp  is  also  the  reduction  coefficient  on  the  SAR. 

The  device 

The  device  consists  in  the  low  perturbation  antenna,  a  specific  receiver  and  a  laptop  micro  computer  [1],  The 
weight  of  the  receiver  and  the  antenna  is  about  1kg.  The  receiver  uses  4  different  channels:  one  wideband 
channel  and  3  selective  channels  corresponding  to  GSM900,  DCS1800  and  UMTS  frequency  bands  (figure  1). 
Each  channel  uses  a  detector  followed  by  a  low  noise  and  high  stability  amplifier.  The  receiver  dynamic  range  is 
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larger  than  45dB.  The  antenna  is  a  resistive  loaded  dipole.  The  sensitivity  variation  of  this  antenna  in  function  of 
frequency  is  about  3dB.  The  figure  2  shows  the  antenna  output  signal  corresponding  to  11  different  mobile 
phones  emitting  at  the  maximum  power  level  in  the  GSM900  and  DCS  1800  frequency  bands.  The  power 
variation  of  this  signal  in  function  of  mobile  phones  is  less  than  lOdB  for  each  frequency  band  and  less  than 
15dB  for  the  two  frequency  bands. 


Wideband  output 


Input 


GSM  output 


DCS  output 


UMTS  output 


Figure  1:  Receiver:  overview  with  its  four  ways.. 


Figure  2:  Antenna  output  signal  corresponding  to  11  different  mobile  phones  for  the  GSM900  and  DCS  1800 
frequency  bands. 

The  laptop  micro  computer  performs  data  acquisition  and  processing,  with  a  specific  software  which  has  been 
developed  with  National  Instrument  Labview  development  system  (figure  3).  The  power  is  measured  on  the 
broadband  channel.  Then,  the  reduction  coefficient  on  the  emitted  power,  the  pulse  density  and  the  reduction 
coefficient  on  the  mean  emitted  power,  for  a  given  duration  are  calculated.  These  three  coefficients  are  displayed 
in  real  time  during  the  measurement.  The  comparison  between  the  different  selective  channels  signals  allows  the 
determination  of  the  used  frequency  band.  The  measured  power  and  the  frequency  band  are  written  in  a  file  for 
each  TDMA  period  for  all  the  measurement  duration.  The  figure  4  presents  the  entire  SARmeter. 
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Figure  3  :  Window  of  the  SARmeter  software. 


Figure  4:  The  SARmeter. 


Result  example 

The  figure  5  shows  the  variation  of  the  emitted  power  in  function  of  time  for  a  pedestrian  user  on  the 
Montparnasse  Street  in  Paris  [2].  The  dynamic  range  of  the  emitted  power  is  about  30dB  and  it  is  possible  to  see 
the  different  used  power  levels. 
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Montparnasse  Boulevard  Raspail.  by  foot 

Exposure  Ratio  =  5.4% 

Emitted  frames  density  =  76% 


Figure  5:  Example  of  measurement  result:  variation  of  emitted  power  in  function  of  time. 


Conclusion 

Real  exposure  to  RF  radiation  of  mobile  phone  may  hardly  differ  from  normative  SAR  value.  The  SARmeter 
constitutes  an  efficient  portable  tool  to  determine  in  situ  real  exposure.  Its  use  allows  especially  the  real  exposure 
comparison  between  several  different  networks  or  mobiles  phones. 

This  research  was  sponsored  by  the  french  operator  Bouygues  Telecom. 
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Abstract 


The  current  experiment  studies  the  EMC  issue  that  occurs  when  a  simulated  GSM  base  station  is 
situated  in  the  area  where  an  electroencefalographer  is  functioning. 

The  experimental  setup  was  situated  in  an  anechoic  chamber  so  that  no  electromagnetic  interference 
would  affect  the  measurements.  The  amplifier  room,  outside  the  anechoic  room,  situated  the  other  part  of  the 
experimental  apparatus.  32  electrodes  entered  a  low-pass  filter  placed  at  the  boundary  wall  of  the  Faraday  screen 
room.  The  signal  was  amplified,  before  entering  a  32-bit  analogue  to  digital  converter.  The  recording  frequency 
was  at  1  kHz. 

The  simulated  GSM  base  station  operated  at  the  frequency  of  1800  MHz  emitting  a  GSM  signal  at  the 
EIRP  of  17dbm.  The  used  piece  of  equipment  is  generally  called  DAS  (Distributed  Antenna  Signal)  and  is  used 
to  simulate  the  signal  emitted  by  one  of  the  antennas  of  a  GSM  base  station  or  for  indoor  coverage. 

The  results  showed  that  the  measured  signals  are  significantly  different  both  in  frequency  and  in  energy 

context. 
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Introduction 


Issues  regarding  electromagnetic  interference  and  medical  devices  continue  to  be  popular  topics  in  the 
technical  world  of  electromagnetic  interference.  Reports  of  medical  device  failure  from  electromagnetic 
interference  have  increased  [1,  2,  3],  This  is  due  to  the  increasing  number  of  electronically  controlled  medical 
devices  in  hospitals  as  well  as  the  increasing  number  of  the  radiofrequency  (RF)  sources  of  radiation.  The 
modern  instruments  are  often  more  sensitive  to  electromagnetic  interference  (EMI)  because  they  incorporate  low 
power  integrated  electronic  circuitry  that  can  be  much  more  sensitive  to  electromagnetic  fields  than  their 
electrical  and  electromechanical  predecessors.  Digital  wireless  communications  systems  often  utilize  pulsed 
amplitude  modulation,  a  type  of  modulation  that  can  enhance  the  potential  for  EMI. 

The  European  Union  has  gotten  much  of  attention  with  regard  to  the  regulation  of  electromagnetic 
compatibility  (EMC)  and  medical  electronics.  Today,  most  medical  EMC  regulations  originate  within  the 
International  Electro  technical  Commission  (IEC).  The  standard  EN60601-1-2  [4]  defines  limits  for  emissions 
and  levels  of  immunity  and  was  updated  to  encompass  the  frequencies  used  by  mobile.  The  IEC  standard  states 
that  electronic  medical  equipment  must  operate  normally  in  electric  field  intensity  of  3  V/m  and  at  a  10  V/m 
threshold  for  life  -  sustaining  equipment. 

The  Electroencephalograph  (EEG)  is  a  recording  equipment  of  brain  signals  with  typical  voltage  of  100 
pV  and  frequency  range  (EEG  bands)  beginning  from  0.5  Hz  up  to  several  hundreds  Hz.  The  EEG  is  connected 
directly  to  the  patient  in  order  to  detect  these  small  physiological  signals  which  are  then  amplified.  The  EEG  is 
known  to  be  very  sensitive  to  EMI  due  to  the  fact  that  the  pulsed  RF  signals  maybe  demodulated  by  non-linear 
elements  in  amplifier  circuits.  [5], 

The  most  recent  problems  of  electromagnetic  interference  (EMI)  with  medical  equipment  arise  from  the 
widespread  use  of  GSM  signals  in  the  hospitals  [6],  Global  System  for  Mobile  communications  (GSM)  is  an 
open,  digital  cellular  technology  used  for  transmitting  mobile  voice  and  data  services  in  the  900MHz  (890  MHz  - 
960  MHz)  and  1.8GHz  bands  in  Europe  and  Asia  and  the  1.9GHz  PCS  (Personal  Communications  Services) 
band  in  the  US[7],  GSM  uses  digital  technology  and  time  division  multiple  access  transmission  methods 
(TDMA),  which  utilize  schemes  that  produce  100%  amplitude  modulated  pulses  of  the  RF  carrier  at  frequencies 
within  the  EEG  frequency  range.  Recently,  warnings  have  been  published  concerning  the  use  of  wireless 
communications  equipment  in  the  clinical  environment.  Morrisey  et  al.  reported  distortion  of  EEG  bands 
throughout  the  0-70  Hz  range  during  full  power  exposure  to  CDMA  and  GSM  signals  for  both  frequencies  of 
1.800  and  1900  MHz  at  distances  of  between  0.25  to  0.5  m.  [8],  Also  a  study  by  Tri  et  al.  of  Mayo  Clinic 
revealed  increase  of  the  noise  of  the  EEG  waveform  measured  in  the  presence  of  a  GSM  signal  [9], 

Taking  into  account  the  above  considerations,  in  our  current  work,  we  study  the  EMC  status  that 
involves  the  usage  of  an  electroencephalograph  in  an  environment  infested  with  electromagnetic  radiation 
produced  by  a  GSM  base  station.  The  purpose  is  to  observe  the  effects  of  the  GSM  signal  on  the  EEG  signal. 

Materials  and  Methods 


The  experimental  setup  (Fig  1)  was  situated  in  a  Faraday  chamber  so  that  no  electromagnetic 
interference  would  affect  the  measurements.  A  head  phantom  was  placed  in  the  chamber  and  the  signals  were 
recorded  from  thirty  two  electrodes  (Fpl,  Fp2,  Fpz,  AFz,  F2,  F3,  F4,  F7,  F8,  FC1,  FC2,  FC5,  FC6,  C2,  C3,  C4, 
Al,  A2,  CPI,  CP2,  CP5,  CP6,  P3,  P4,  Pz,  T3,  T4,  T5,  T6,  Ol,  02,Oz)  with  a  surface  of  Ag /  AgCl,  which  were 
placed  on  the  scalp  of  the  model-head.  The  electrodes  were  positioned  according  to  the  International  10-20 
system  of  electroencephalography  [10].  The  measured  magnitude  was  the  voltage  at  the  edges  of  a  2  kfl 
resistance  placed  between  each  electrode  and  a  common  ground.  The  total  electrode  impedances  were  below  5 
kO.  The  amplifier  room,  outside  the  Faraday  room,  situated  the  other  part  of  the  experimental  apparatus.  The 
electrodes  entered  a  low-pass  filter  placed  at  the  boundary  wall  of  the  Faraday  screen  room.  The  filter  cut 
frequencies  over  35  Hz  so  that  the  signal  of  the  power  supply  network  which  is  at  50  Hz  would  not  interfere  with 
the  signal.  The  signal  was  amplified  by  a  Braintronics  DIFF/ISO-1032  amplifier,  before  entering  a  32-  bit 
analogue  to  digital  converter  which  has  a  GPIB  output.  The  digitized  signal  comprises  an  input  for  a  Data 
Acquisition  Card.  The  PC  with  the  DAQ  Card  ran  a  LabView  program  for  the  recording  of  the  signals,  which 
can  be  monitored  by  an  on-screen  graphical  representation.  The  recording  frequency  was  at  1  kHz.  Another  PC, 
connected  with  the  one  described  above,  ran  a  program  which  triggered  the  other  PC  to  save  the  brain  signals 


1138 


AN  EMC  STUDY  ON  THE  EFFECT  OF  GSM  ON  EEG 


whenever  the  user  wanted  .The  recording  time  was  1.5  sec  so  the  saved  signal  consisted  of  1500  values.  The 
total  task  consisted  of  55  repetitions. 


Figure  1 .  Experimental  setup 


A  GSM  TEMS  Transmitter  was  placed  at  a  distance  of  lm  from  the  head  phantom.  The  GSM  TEMS 
Transmitter  was  used  to  simulate  the  indoor  coverage  of  a  GSM  base  station  within  a  cellular  network.  The  GSM 
TEMS  Transmitter  sends  out  Frequency  Correction  Channel  (FCCH),  Synchronisation  Channel  (SCH)  and 
optionally  Broadcast  Control  Channel  (BCCH)  and  Paging  Channel  (PCH)  signaling,  on  a  GSM  carrier  of 
human  voice  (900  MHz  or  1800  MHz  band).  Prior  to  taking  a  measurement,  the  instrument  was  calibrated  and 
adjusted.  Scanning  of  the  radio  spectrum  was  performed  in  order  to  find  a  channel  suitable  for  transmission.  The 
Transmitter  was  equipped  with  four  attenuators  (3dB,  6dB,  lOdB  and  20  dB)  suitable  to  connect  between  the 
Transmitter  and  an  external  antenna  used  with  it.  By  combining  the  attenuators  in  all  possible  ways,  output 
power  levels  from  17  dBm  down  to  -22  dBm  can  be  achieved.  At  the  experiment  the  power  level  of  17dBm  and 
frequency  1812,8  MHz  (Absolute  Radio  Frequency  Channel  Number  550)  was  applied. 

The  electromagnetic  field  strength  at  the  point  where  the  head  phantom  was  situated  was  1,6  V/m. 

The  experimental  procedure  was  done  twice.  The  first  time  the  GSM  base  station  was  off  and 
practically  the  noise  of  the  device  was  measured  and  the  second  time  the  GSM  base  station  was  functioning. 

Finally  in  order  to  optimize  the  signal  to  noise  ratio  (SNR)  the  grand  average  across  the  55  repetitions 
for  each  channel  was  calculated  according  to  the  following  equation: 


v,= 


T.v, 


Where  Vjt  is  the  value  that  results  after  the  subtraction  of  the  amplification  and  the  average  referencing 
and  corresponds  at  the  time  t  of  the  trial  j  .This  SNR  optimization  procedure  is  considered  a  standard  practice 
when  it  comes  to  brain  signal  measurements,  which  are  generally  considered  to  be  quite  noisy  [11]. 

The  final  data  for  analysis  for  each  radiation  condition  consisted  of  1500  amplitude  values  for  each 
electrode,  expressed  in  pVolts  corresponding  to  the  1500  msec  of  the  time  period  as  described  above. 

For  each  electrode,  the  following  magnitudes  were  also  calculated: 

•  the  energy  E  of  the  recorded  signals  (E= V, 2) 

•  the  amplitude  in  the  frequency  domain  by  using  the  Fourier  Transform  (FFT). 

Statistical  analysis 

The  amplitudes  at  the  thirty  two  electrodes  were  subjected  to  Independent  Samples  t-test  for  the  two 
radiation  conditions  (GSM  off  -  GSM  on).  The  mean  values  of  the  amplitudes  for  each  electrode  and  radiation 
condition  were  also  calculated.  Statistical  significance  was  set  at  0.05. 

Results 
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The  data  analysis  showed  that  the  energy  of  the  recorded  signals  was  significantly  increased  when  the 
GSM  Transmitter  was  operating.  Figure  2  shows  this  increase  at  all  electrodes  except  the  C3  electrode.  The 
white  bars  denote  the  calculated  energy  in  the  absence  of  the  GSM  signal  while  the  black  bars  denote  the  signal 
energy  in  the  presence  of  the  GSM  signal. 


Figure  2.  Averaged  Energy  at  each  electrode  and  each  radiation  condition.  .  The  white  bars  denote  the 
calculated  energy  in  the  absence  of  the  GSM  signal  while  the  black  bars  denote  the  signal  energy  in  the  presence 
of  the  GSM  signal. 


The  statistical  analysis  revealed  that  the  presence  of  the  GSM  signal  had  significant  effect  on  the 
amplitudes  of  the  signals  at  the  thirty  two  leads.  Table  1  is  quite  helpful  in  explaining  this  effect,  showing  the 
mean  values  of  the  recorded  signals  at  each  electrode  for  the  two  radiation  conditions. 


Electrodes 

Mean  Values 

Number 

Name 

GSM  off 

GSM  on 

1 

FC6 

-1.61 

8.25 

2 

FC2 

-0.85 

7.57 

3 

F8 

-0.95 

7.77 

4 

F4 

-0.95 

6.05 

5 

F2 

-0.90 

6.20 

6 

AFz 

-1.55 

4.87 

7 

Fp2 

-0.59 

8.38 

8 

Fpz 

-0.78 

8.18 

9 

Fpl 

-1.90 

5.72 

10 

P3 

-1.78 

7.41 

11 

T3 

-0.76 

7.09 

12 

A1 

-0.77 

3.72 

13 

FC1 

-0.99 

5.41 

14 

FC5 

-1.36 

6.67 

15 

F3 

-1.03 

7.34 

16 

F7 

-1.59 

6.55 

17 

T6 

-1.27 

7.71 

18 

P4 

-1.94 

6.97 

19 

CP6 

-1.68 

5.60 

20 

CP2 

-1.07 

7.02 

21 

A2 

-0.95 

3.92 
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22 

T4 

-1.54 

8.57 

23 

C4 

-0.99 

5.35 

24 

02 

-1.35 

5.99 

25 

Oz 

-0.79 

6.98 

26 

Ol 

-1.38 

6.73 

27 

Pz 

-1.42 

7.50 

28 

C2 

-0.89 

6.95 

29 

T5 

-1.63 

8.04 

30 

CPI 

-0.99 

-1.73 

31 

CP5 

-1.50 

8.69 

32 

C3 

-6.72 

6.06 

Table  1. 
conditions. 


Mean  values  of  the  amplitudes  of  the  recorded  signals  for  each  electrode  for  the  two  radiation 


Energy  at  frequency  domain 
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Figure  3.  Calculated  Energy  of  F8  electrode  at  frequency  domain.  The  thin  continuous  black  line 
denotes  the  calculated  energy  in  the  absence  of  the  GSM  signal  while  the  discontinuous  denotes  the  signal 
energy  in  the  presence  of  the  GSM  signal. 


Except  the  regarded  increase  of  the  amplitudes  of  the  recorded  signals  in  the  time  domain,  the  FFT 
calculation  revealed  that  there  was  also  a  change  in  the  frequency  domain.  A  spike  of  the  energy  at  the  span  of  1- 
2  Hz  is  observed  in  all  electrodes.  Figure  3  shows  indicatory  this  fact  at  one  of  the  32  electrodes 

Discussion 

In  the  present  study  we  focused  on  the  electromagnetic  interference  of  a  GSM  base  station  might  on  an 
electroencephalograph.  The  results  of  this  study  revealed  that  in  the  presence  of  radiation  of  the  GSM  transmitter 
the  energy  of  the  recorded  signals  was  in  average  38  times  higher  than  the  energy  calculated  in  the  absence  of 
radiation.  Also  an  alteration  at  the  frequency  domain  was  observed  at  the  presence  of  GSM  signal. 

These  effects  are  very  important  in  view  of  the  fact  that  the  EEG  energy  as  well  as  the  frequency  bands 
are  magnitudes  evaluated  by  doctors  and  related  to  brain  activity  [12,  13,  14,  15]  so  it  is  absolutely  necessary  to 
be  measured  accurately  in  order  to  achieve  the  right  diagnosis. 

These  findings  are  similar  to  those  reported  by  Morrisey  et  al  [8]  where  distortion  of  EEG  bands  was 
observed.  Also  the  studies  of  Sibakov  and  Appelqvist  (1998)  [16],  Barbara  et  al.  (2000)  [17],  and  Hietanen  et  al. 
(2000)  [18]  referred  device  sensitivity.  However  these  findings  were  observed  at  the  presence  of  GSM  signals 
with  higher  power  and  at  closer  distance  than  this  applied  to  our  experiment.  This  is  rather  worrying,  because 
EMI  problems  occurred  even  with  less  electromagnetic  field  strength. 
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It  should  be  noted  that  although  the  testing  was  performed  in  a  shielded  environment,  this  doesn’t 
exclude  the  influence  of  the  measurements  by  some  factors,  such  as  coupling  between  electrodes  and  the 
presence  of  radiation  reflecting  or  absorbing  objects  in  the  neighbouring  area. 

Moreover  the  source  of  radiation  had  constantly  17dBm  power.  This  factor  has  to  be  taken  into  account 
in  studies  about  EMI  of  GSM  signals  on  Medical  Equipment  because  most  studies  refer  to  GSM  cell  phones 
which  are  designed  to  quickly  reduce  their  power  when  the  channel  paging  stops. 

According  to  our  findings  it  seems  that  the  distance  of  lm  and  the  17dBm  signal  power  are  not 
sufficient  to  protect  an  electroencephalograph  from  EMI  of  GSM  signals.  The  indoor  GSM  base  stations  are 
necessary  inside  buildings  as  relay  stations.  However  before  installing  such  a  communication  system  an  EMI 
study  is  essential  in  order  to  ensure  the  immunity  of  the  medical  equipment.  The  efficient  distances  of  the  base 
stations  from  the  devices  must  be  kept  so  that  the  electromagnetic  field  (EMF)  power  and  field  levels  would  be 
under  the  recommended  values  [19].  Technology  does  exist  to  protect  or  “harden”  medical  devices  from 
radiation  emissions  including  shielding,  grounding,  and  filtering.  These  modifications  are  not  always  costly  and 
are  even  less  problematic  if  incorporated  by  the  manufacturer  during  assembly. 

EMC  is  a  concern  not  just  for  manufacturers,  but  also  for  those  who  install,  use,  modify  or  maintain 
medical  equipment.  The  existence  of  directives  and  standards  has  encouraged  good  EMC  design  practices,  but 
should  not  be  relied  on  to  prevent  EMI  problems  owing  to  the  nature  of  the  hospital  electromagnetic 
environment.  Mobile  telecommunication  systems  are  very  convenient  and  useful  to  doctors,  nurses  and  patients 
and  studies  must  be  done  to  promote  awareness  of  EMI  and  its  underlying  coupling  mechanisms. 
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Abstract 

The  paper  presents  an  approach  that  reduces  several  difficulties  related  to  the  determination  of  induced 
transmembrane  voltage  (ITV)  on  irregularly  shaped  cells.  We  first  describe  a  method  for  constructing  realistic 
models  of  irregularly  shaped  cells  based  on  microscopic  imaging.  This  provides  a  possibility  to  determine  the 
ITV  on  the  same  cells  on  which  an  experiment  is  carried  out,  and  can  be  of  considerable  importance  in 
understanding  and  interpretation  of  the  data.  We  also  show  how  the  finite-thickness,  nonzero-conductivity 
membrane  can  be  replaced  by  a  boundary  condition  in  which  a  specific  surface  conductivity  is  assigned  to  the 
interface  between  the  cell  interior  (the  cytoplasm)  and  the  exterior.  We  verify  the  results  obtained  using  this 
method  by  a  comparison  with  the  analytical  solution  for  an  isolated  spherical  cell,  obtaining  a  very  good 
agreement.  In  addition,  we  compare  the  ITV  computed  for  a  model  of  an  irregularly  shaped  CHO  cell  with  the 
ITV  measured  on  the  same  cell  by  means  of  a  potentiometric  fluorescent  dye.  Finally  we  confirm  that 
electropermeabilization  occurs  in  those  areas  of  cell  membrane,  where  the  absolute  value  of  ITV  is  the  highest. 

1.  Introduction 

Induced  transmembrane  voltage  (ITV)  forms  on  the  cell  membrane  when  the  cell  is  exposed  to  the  external 
electric  field  [1-3].  The  ITV  is  proportional  to  the  amplitude  of  electric  field  and  with  a  sufficiently  strong  field, 
a  sudden  increase  in  membrane  permeability  occurs,  a  phenomenon  termed  electropermeabilization.  During  the 
state  of  high  permeability  it  is  possible  to  deliver  membrane  impermeant  ions  and  molecules  into  the  cell. 

In  many  applications  of  electropermeabilization  an  efficient  and  at  the  same  time  reversible  permeabilization  is 
essential  (e.g.  DNA  electrotransfer  [4-6]).  Thus,  a  careful  planning  of  the  experiment,  which  involves  the 
estimation  of  the  amplitude  of  ITV  leading  to  cell  permeabilization,  is  required.  It  was  demonstrated 
experimentally  that  ITV  determines  the  regions  of  the  membrane  where  electropermeabilization  occurs  [1,  2]. 
Namely,  increased  permeability  is  observed  only  in  regions  of  the  membrane  where  ITV  exceeds  a  critical  value. 
As  already  stated  ITV  is  proportional  to  the  electric  field,  varies  with  the  position  on  the  cell  membrane,  and  is 
influenced  by  cell  geometry  and  physiological  characteristics  of  the  medium  surrounding  the  cell  [3,  7-10].  For 
an  isolated  cell  of  simple  shape,  such  as  a  cylinder,  a  sphere,  or  an  ellipsoid,  ITV  can  be  described  analytically 
[3,  8,  11  -  14].  However,  when  cell  geometry  is  more  complicated  (e.g.  cells  in  tissues)  an  analytical  description 
is  in  general  not  attainable  and  ITV  can  be  determined  either  experimentally  [15-20]  or  numerically  [21-28]. 

Usually,  numerical  models  are  constructed  using  simple  geometrical  shapes,  e.g.  hemi-spheres,  hemi-ellipsoids 
or  combination  of  simple  shapes  [22,  23,  28,  29].  These  models  can  be  realistic  for  cells  in  suspensions,  but  cells 
growing  in  a  dish  or  in  tissues  typically  have  profoundly  irregular  shapes,  and  combinations  of  several  simple 
geometrical  objects  are  not  usable  anymore.  In  this  study,  we  present  a  method  for  construction  of  more  realistic 
models  of  irregularly  shaped  cells  from  their  cross-section  images.  We  also  present  a  method  to  replace  a  cell 
membrane  in  the  model  with  a  boundary  condition.  We  then  calculate  the  ITV  on  the  model  of  an  irregularly 
shaped  cell  and  compare  it  to  the  ITV  determined  experimentally  by  means  of  fluorescent  dye.  In  addition,  the 
course  of  permeabilization  of  this  cell  is  monitored  and  regions  of  membrane  where  permeabilization  occurred 
are  determined. 
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2.  Methods 


2.1  Construction  of  a  three-dimensional  model  of  a  cell 

Three-dimensional  models  of  irregularly  shaped  cells  were  constructed  from  a  sequence  of  microscopic 
fluorescence  images  representing  cross-sections  of  a  cell  attached  to  the  cover  glass.  The  models  presented  in  the 
study  were  built  from  CHO  cells,  but  the  method  can  also  be  applied  to  other  cell  types.  Fluorescence  images 
were  obtained  by  staining  the  cell  with  a  fluorescent  dye  di-8-ANEPPS.  The  dye  emits  a  strong  fluorescence 
when  it  binds  to  the  membrane,  therefore  making  the  cell  edges  visible.  The  cross-sections  were  obtained  by 
shifting  the  focus  on  a  fluorescence  microscope  (Zeiss  AxioVert  200,  objective  xlOO,  oil  immersion,  Zeiss, 
Germany)  in  constant  steps  of  2  pm  from  the  bottom  to  the  top  of  the  cell  (Figure  1A).  The  images  were 
acquired  using  a  cooled  CCD  camera  (VisiCam  1280,  Visitron,  Germany)  and  MetaMorph  5.0  software 
(Visitron,  Germany),  and  converted  from  grayscale  (8  bit)  to  black  and  white  (1  bit.  Figure  IB)  in  Corel 
PhotoPaint  11.0  (Corel  Corp.,  Ottawa,  Canada).  Using  FEMLAB  3.1  package  (COMSOL  Inc.,  Burlington,  MA, 
USA)  with  MATLAB  6.5  (MathWorks  Inc.,  Natick,  MA,  USA),  the  contours  of  the  cell  were  detected  using 
flim2curve  (Figure  1C),  transformed  to  solid  planes  with  35  edges  with  solid2 ,  and  the  planes  were  connected 
into  a  3D  object  using  loft  to  obtain  the  model  of  the  cell.  This  model  was  then  imported  to  the  FEMLAB 
workspace,  where  it  was  positioned  to  the  bottom  of  a  rectangular  block,  thereby  mimicking  the  cell  attached 
with  its  bottom  to  the  cover  glass  (Figure  ID).  To  construct  a  model  of  several  cells,  or  a  cell  cluster,  this 
procedure  is  repeated  for  each  cell  separately  [30],  In  case  of  a  cell  cluster,  individual  cells  are,  after  they  are 
imported  to  FEMLAB,  merged  together  to  form  a  cluster. 

2.2  Modeling  the  cell  membrane 

Direct  incorporation  of  a  realistic  cell  membrane  (i.e.  a  layer  of  very  small,  yet  non-zero  thickness  surrounding 
the  cell)  into  the  model  is  technically  very  problematic.  Unless  the  distribution  of  the  electric  field,  current 
density,  and/or  electric  potential  within  the  membrane  is  of  interest,  this  can  be  avoided.  Namely,  the  effect  of 
the  membrane  on  these  electric  quantities  in  the  cell  interior  and  exterior  is  equivalent  to  the  effect  of  a 
corresponding  surface  conductivity  assigned  to  the  interface  between  the  interior  and  the  exterior.  More 
precisely,  as  the  specific  conductivity  of  the  membrane  -  typically  about  5xl0"7  S/m  [31]  -  is  at  least  five  orders 
of  magnitude  lower  than  the  specific  conductivities  of  the  media  surrounding  it,  the  current  flows  through  the 
membrane  practically  orthogonally  to  its  surface.  Consequently,  in  the  membrane  the  total  current  density  is 
virtually  equal  to  its  normal  component  alone  (J),  which  is  given  by: 


J  G„(U-E) 

d 


(1) 


where  er„,  is  the  specific  membrane  conductivity,  d  is  the  membrane  thickness  and  Va,  V,  are  the  electric 
potentials  at  the  outer  and  inner  surface  of  the  membrane,  respectively.  Here  /,  Va,  and  V,  are  functions  varying 
with  the  position  on  the  membrane,  while  am  and  d  are  constants.  For  the  purpose  of  determining  ITV,  the  events 
inside  the  membrane  layer  are  not  relevant,  and  the  ratio  ajd  can  be  treated  as  a  single  entity  —  the  specific 
surface  conductivity,  k„,  =  ojd.  The  interface  between  the  cell  interior  (the  cytoplasm)  and  the  cell  exterior  is 
then  characterized  by 


(2) 

Despite  the  membrane  as  such  being  absent  from  the  model,  the  drop  of  electric  potential  at  such  an  interface  is 
equivalent  to  ITV  on  a  membrane  with  a  specific  conductivity  am  and  thickness  d.  In  models  constructed  in  this 
way,  the  mesh  of  finite  elements  is  generated  without  difficulty,  as  very  small  elements  corresponding  to  the 
membrane  itself  are  avoided  [30]. 

2.3  Settings  of  the  model  and  subsequent  computations  of  induced  transmembrane  voltage 

The  computation  of  the  functions  /,  Va  and  V,  was  performed  in  FEMLAB  by  introducing  two  application 
modes,  the  cell  exterior  (extracellular  medium)  being  active  in  the  first,  and  the  cell  interior  (cytoplasm)  in  the 
second  mode.  Both  application  modes  were  of  a  static  current  density  type.  For  models  containing  several  cells, 
an  additional  application  mode  active  in  the  cytoplasm  of  each  cell  must  be  introduced,  and  the  functions  7/,  J2, 
...  and  V„,  Vu,  Vi2,  ...  are  then  computed. 
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Figure  1.  Construction  of  a  3D  model  of  an  irregularly  shaped  CHO  cell.  (A)  Fluorescence  images  (8  bit) 
of  an  irregularly  shaped  CHO  cell  stained  with  di-8-ANEPPS.  The  images  represent  four  cross-sections  of 
the  cell,  acquired  from  bottom  to  the  top  of  the  cell  in  2  pm  steps.  Bar  represents  10  pm.  (B)  Black  and 
white  (1  bit)  images.  (C)  The  corresponding  contour  of  the  cell  edge  for  a  given  cross-section.  (D)  The 
three-dimensional  geometry  of  the  cell  model  constructed  from  the  cross-sections.  The  interior  of  the 
rectangular  block  represents  the  extracellular  medium,  the  grey-shaded  faces  are  the  electrodes,  and  the 
other  four  faces  are  insulating. 

The  specific  conductivity  of  the  cell  interior  was  set  to  0.3  S/m  [32],  and  the  specific  conductivity  of  the  rest  of 
the  block  (the  cell  exterior)  to  0.14  S/m  [33].  Two  of  the  opposite  vertical  faces  of  the  block  were  modeled  as 
electrodes,  which  was  done  by  assigning  fixed  electric  potentials  to  both  electrodes  (one  was  usually  set  to 
ground)  to  obtain  the  voltage-to-distance  ratio  of  100  V/cm.  The  remaining  four  faces  of  the  block  were  modeled 
as  insulating  surfaces,  the  bottom  one  representing  the  cover  glass.  At  the  boundary  surface  between  the  cell 
interior  and  exterior,  the  normal  component  of  the  current  density  was  set  corresponding  to  Eq.  2  with  a  negative 
sign  (-J)  in  the  mode  corresponding  to  the  cell  exterior,  and  with  a  positive  sign  in  the  mode  corresponding  to  the 
cytoplasm  (or,  with  several  cells,  in  all  such  modes).  The  specific  surface  conductivity  was  set  at  k,„  =  100  S/m2, 
which  is  the  ratio  between  a  specific  membrane  conductivity  of  5xl0"7  S/m  and  a  membrane  thickness  of  5  nm 
[34], 

After  the  mesh  was  generated,  the  electric  potential  was  computed  using  finite  elements  method  with 
FEMLAB’s  stationary  nonlinear  Conjugate  gradients  solver  with  Algebraic  multigrid  preconditioner.  ITV  was 
calculated  as  the  difference  between  electric  potentials  on  the  two  sides  of  the  boundary  surface  separating  the 
inside  and  outside  of  the  cell,  i.e.  as  ITV  =  V,  -  Va.  ITV  was  then  plotted  as  a  function  of  relative  arc  length. 
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2.4  Measurements  of  induced  transmembrane  voltage 

To  experimentally  determine  ITV  we  used  di-8-ANEPPS,  a  fast  potentiometric  fluorescent  dye.  The  dye  binds  to 
the  cell  membrane,  which  causes  a  considerable  increase  in  its  fluorescence.  With  the  change  in  ITV,  the 
fluorescence  of  the  dye  then  varies  linearly  [15-17].  CHO  K1  cells  were  grown  on  cover  glasses  in  culture 
medium.  Six  to  eight  hours  latter  the  culture  medium  was  replaced  with  SMEM  medium  containing  30  pM  of  di- 
8-ANEPPS  and  0.05%  of  Pluronic.  After  staining  for  12  min  at  4°C,  the  cells  were  washed  thoroughly  with  pure 
SMEM  to  remove  the  excess  dye.  Before  the  experiments,  SMEM  was  replaced  with  an  isoosmotic  pulsing 
buffer  (10  mM  K2HPO4/KH2PO4,  250  mM  sucrose,  1  mM  MgCL,  [33]).  Cells  were  then  exposed  to  a  voltage  of 
40  V  applied  for  duration  of  100  ms  on  two  parallel  wire  electrodes  with  a  4  mm  distance  between  them 
(voltage-to-distance  ratio  100  V/cm).  Before  and  during  the  pulse,  the  fluorescence  image  of  the  lowermost  level 
of  a  cell  or  a  cell  cluster  was  acquired,  with  excitation  at  490  nm  and  emission  detected  at  605  nm.  The 
procedure  was  repeated  five  times,  with  a  2  s  delay  between  pulses.  The  control  image  was  then  subtracted  from 
the  corresponding  pulse  image  and  the  corrected  images  were  averaged  to  increase  the  signal-to-noise  ratio.  The 
changes  in  fluorescence  of  the  dye  in  the  membrane  were  quantified  by  measurements  of  grey  levels  along  the 
region  of  interest,  which  was  a  5  pixel  wide  line  encircling  the  cell  at  the  site  of  the  membrane.  Using  a 
calibration  curve  obtained  in  a  separate  experiment  (6%  of  fluorescence  change  per  100  mV,  not  shown  [30]), 
fluorescence  changes  were  transformed  to  the  values  of  ITV,  which  were  plotted  on  a  graph  as  a  function  of  the 
normalized  arc  length.  The  images  were  acquired  using  the  same  imaging  system  as  described  in  Section  2.1. 

2.5.  Monitoring  the  course  of  electropermeabilization 

Cells  (CHO  Kl)  were  grown  and  prepared  as  described  in  Section  2.4.  Prior  to  experiments,  the  culture  medium 
was  replaced  with  pulsing  buffer,  which  contained  100  pM  of  fluorescent  dye  Propidium  Iodide  (PI,  Sigma, 
Saint  Louis,  USA).  The  dye  is  essentially  membrane  impermeant,  but  can  enter  the  electropermeabilized  cells, 
where  its  fluorescence  increases  significantly,  making  it  suitable  to  detect  electropermeabilization  of  cells.  The 
electrodes  were  positioned  to  the  bottom  of  cover  glass.  A  400  V,  200  ps  pulse  was  delivered  to  the  electrodes, 
and  fluorescence  from  cells  was  monitored  in  100  ms  time  steps.  The  imaging  system  was  the  same  as  described 
in  Section  2.1. 

3.  Results  and  discussion 

3.1  Validation  of  the  model  by  comparison  with  analytical  solution  for  a  spherical  cell 

The  method  introduced  in  Section  2.1  was  first  verified  by  comparing  the  calculations  of  ITV  on  a  model  of  a 
spherical  cell  with  the  analytically  derived  ITV  for  the  same  cell.  Under  physiological  conditions,  the  ITV 
induced  by  an  electric  field  E  on  a  spherical  cell  with  outer  radius  R  is  given  by  Schwan's  equation  [3]: 

ITV  =  fs  ERcoscp  (3) 

where  <p  is  the  angle  between  the  direction  of  the  field  and  the  line  connecting  the  center  of  the  cell  to  the  point 
of  interest  and  /'  is  a  function  reflecting  the  electric  and  dimensional  properties  of  the  cell  and  the  surrounding 
medium  [8]: 
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'(4+1 4 

)"2  (R-d)3(A0-Am)(A,.-Am) 

In  Eq.  4,  /.„,  and  are  the  specific  conductivities  of  the  extracellular  medium,  cytoplasm  and  the  membrane, 
respectively,  and  d  is  the  thickness  of  the  membrane.  Schwan’s  equation  provides  a  precise  description  of  the 
ITV  on  a  single  spherical  cell,  and  was  as  such  used  as  the  first  test  of  the  method  of  numerical  determination  of 
the  ITV  described  in  this  paper.  Figure  2B  shows  the  ITV  computed  using  this  method  and  Figure  2C  shows  the 
error  with  respect  to  Schwan’s  equation  (note  that  the  y-scale  is  much  smaller  than  in  2B).  On  the  basis  of  these 
results  we  can  conclude  that  the  numerical  computation  of  ITV  using  our  method  is  sufficiently  accurate  for  any 
practical  purpose.  Both  the  analytical  and  the  numerical  solution  were  determined  for  a  spherical  cell  with  R  = 
10  pm,  l,  =  1  S/m,  1,  =  0.2  S/m,  /',,,  =  5  x  10"7S/m,  and  d  =  5  nm.  The  cell  was  exposed  to  an  electric  field  of  100 
V/cm,  which  was,  in  the  numerical  solution,  generated  by  applying  1  V  to  a  pair  of  rectangular  parallel  plate 
electrodes  0.01  cm  apart. 
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Figure  2.  (A)  Geometry  of  a  spherical  cell.  The  arrow  denotes  the  start  and  the  direction  of  the  path  along 
which  the  normalized  arc  length  is  measured.  (B)  Computed  ITV  for  a  spherical  cell  with  a  membrane 
modeled  as  a  boundary  condition.  (C)  The  difference  between  the  computed  and  analytically  derived  ITV. 
The  calculations  were  performed  for  a  spherical  cell  with  R  =  10  pm,  /,„  =  1  S/m,  =  0.2  S/m,  =  5  x  10'7 
S/m,  d  =  5  nm,  and  E  =  100  V/cm. 

The  main  advantage  of  replacing  the  cell  membrane  with  a  boundary  condition  is  that  the  mesh  elements 
corresponding  to  the  membrane  are  avoided.  This  efficiently  reduces  the  time  for  mesh  generation  and  time 
needed  to  solve  the  problem.  If  the  membrane  is  instead  modeled  explicitly,  its  thickness  must  typically  be 
exaggerated  by  an  order  of  magnitude  or  more,  otherwise  the  number  of  mesh  elements  is  far  too  large  to  be 
handled  by  a  computer.  To  compensate  for  this,  the  membrane  can  be  assigned  a  correspondingly  higher  specific 
conductivity  [30]. 

3.2  Comparison  with  fluorescence  measurements 

The  model  of  an  irregularly  shaped  cell  was  constructed  from  four  cross-sections  of  the  cell  photographed  under 
a  microscope,  as  described  in  detail  in  Section  2  (Figures  1A-1D).  The  distribution  of  electric  potential  was  first 
computed  (Figure  4A)  and  the  ITV  was  than  calculated  as  the  difference  between  the  electric  potential  in  the  cell 
interior  and  exterior.  The  results  are,  for  the  lowermost  layer  of  the  cell,  shown  in  Figure  3C  with  dashed  curve. 
Figure  4B  shows  the  areas  of  the  cell  where  the  absolute  value  of  ITV  is  the  highest  (within  arbitrarily  chosen 
range  of  15%  of  the  maximal  value).  The  calculations  of  ITV  were  then  compared  with  measurements  of  ITV  on 
the  same  cell  using  a  potentiometric  fluorescent  dye  di-8-ANEPPS.  The  changes  in  fluorescence  of  dye  upon 
exposure  of  cell  to  the  electric  field  are  presented  in  Figure  3A  and  are  hardly  noticeable.  They  become  visible 
after  subtraction  from  the  control  image  (without  electric  field)  as  shown  in  Figure  3B.  In  this  figure,  the  side  of 
the  cell  colored  in  white  represents  an  increase  in  fluorescence,  and  the  side  of  the  cell  colored  in  black,  a 
decrease  in  fluorescence.  Fluorescence  changes  were  transformed  to  ITV  using  a  calibration  curve  (see  Materials 
and  Methods)  and  are  presented  with  solid  curve  in  Figure  3C  as  a  function  of  the  normalized  arc  length.  The 
results  are  shown  for  two  opposing  orientations  of  external  electric  field  (100  V/cm).  For  the  investigated  cell, 
ITV  changes  along  the  cell  membrane  between  approximately  75  mV  and  -65  mV  for  electric  field  directed  from 
left  to  right  and  between  -80  mV  and  55  mV  for  the  opposite  direction  of  the  field  (Figure  3C)  and  is  in 
qualitative  agreement  with  the  calculated  ITV.  Small  differences  between  the  amplitudes  could  be  attributed  to 
the  variations  of  the  slope  of  calibration  curve  between  different  cells,  the  differences  between  the  actual  and 
implemented  parameters  of  the  model  (especially  the  membrane  permeability),  and  the  experimental  setup. 

3.3  Monitoring  the  course  of  electropermeabilization 

In  the  presence  of  the  membrane-impermeant  fluorescent  dye  Propidium  Iodide,  the  same  cell  was  then  exposed 
to  a  single  unipolar  rectangular  400  V  pulse  (1000  V/cm)  with  200  ps  duration.  The  changes  in  fluorescence  of 
the  cell  were  observed  100  ms  after  the  pulse  application  on  both  sides  of  the  membrane,  denoting  the  regions 
where  permeabilization  occurred.  With  time,  cell  interior  becomes  more  fluorescent  indicating  continuous  dye 
uptake  into  cell  after  permeabilization.  The  fluorescence  regions  of  the  membrane  on  the  first  image  (100  ms) 
were  compared  with  calculations  of  ITV  (shown  in  Figure  4B).  A  good  agreement  between  the  observed 
fluorescence  increase  and  the  regions  where  the  absolute  value  of  ITV  was  the  highest  was  obtained  (cf.  Figure 
4B  and  Figure  5 A). 
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Figure  3.  Measurements  of  ITV  on  an  irregularly  shaped  CHO  cell.  First  row  shows  the  results  for  the 
electric  field  E  directed  to  the  right  and  the  second  row  for  the  opposite  direction.  (A)  The  8-bit 
fluorescence  images  of  a  cell  stained  with  di-8-ANEPPS  and  acquired  during  the  exposure  to  40  V  (100 
V/cm),  100  ms  rectangular  pulse.  Bar  represents  10  pm.  (B)  Changes  in  fluorescence  of  cell  obtained  by 
subtracting  the  control  image  (not  shown)  from  the  image  with  pulse  and  shifting  the  grayscale  range  by 
50%.  White  arrow  shows  the  path  along  which  ITV  was  measured.  (C)  ITV  as  a  function  of  normalized 
arc  length.  Solid  curve  -  measured  values,  dashed  curve  -  numerically  calculated  values.  The  changes  in 
fluorescence  were  transformed  to  ITV  by  using  a  6%/100mV  calibration  curve. 
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Figure  4.  (A)  The  calculated  distribution  of  the  electric  potential  around  and  inside  the  cell  in  the 
lowermost  x-y  plane  of  the  cell.  The  black  curves  represent  the  equipotentials  and  the  arrow  marks  the 
path  along  which  the  potential  was  measured.  The  scale  is  in  volts.  (B)  Regions  of  the  membrane  where 
the  absolute  value  of  ITV,  calculated  as  a  difference  between  the  potentials  on  both  sides  of  the  membrane 
(ITV  =  Vi  -  V0),  is  the  highest  (within  arbitrarily  chosen  range  of  15%  of  the  maximal  value). 


Figure  5.  Monitoring  of  cell  electropermeabilization.  (A)  Fluorescence  of  the  cell  100  ms,  (B)  1500  ms,  and 
(C)  3  min  after  pulse  delivery.  The  images  were  corrected  for  the  background  fluorescence  and  the 
brightness  was  automatically  enhanced.  The  cell  was  exposed  to  a  1x400V,  200  ps  (1000  V/cm)  rectangular 
pulse.  Propidium  Iodide  was  added  to  suspension  before  the  pulse  was  applied  to  visualize  the 
permeabilized  regions.  Bar  represents  10  pm. 
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4.  Summary 

We  demonstrated  how  to  construct  realistic  models  of  irregularly  shaped  cells  from  their  cross-section  images. 
This  allows  determination  of  the  ITV  on  the  same  cells  on  which  the  experiment  is  carried  out,  and  can  be  of 
considerable  importance  in  understanding  and  interpretation  of  the  data.  We  also  presented  a  method  to  replace  a 
cell  membrane  in  the  model  with  a  boundary  condition.  Such  replacement  efficiently  eliminates  the  number  of 
elements  of  the  mesh  and  consequently  time  needed  to  solve  the  problem.  To  validate  the  method,  the  computed 
ITV  for  a  spherical  cell  was  compared  with  the  analytical  expression  describing  the  ITV  for  the  same  cell, 
showing  a  very  good  agreement  between  both  solutions.  This  can  be  considered  as  the  evidence  that  this  method 
is  a  reliable  and  accurate  one.  We  then  showed  that  the  ITV  computed  for  a  model  of  an  irregularly  shaped  cell  is 
comparable  to  the  ITV  measured  on  the  same  cell.  Finally,  we  confirmed  that  electropermeabilization  occurs  in 
those  areas  of  cell  membrane,  where  the  absolute  value  of  ITV  is  the  highest.  The  presented  methods  of  model 
construction  from  cross-section  images  and  replacement  of  the  membrane  by  a  boundary  condition  can  also  be 
used  to  study  more  complicated  cell  geometries,  such  as  several  cells  in  contact,  which  represent  a  simple  model 
of  a  tissue. 
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Abstract 

Effects  of  900  MHz  CW  on  human  immortalized  keratinocytes  (HaCaT)  were  investigated.  Cells  kept  in  a  CO2 
independent  medium  were  exposed  inside  a  cell-culture  incubator  at  37  °C.  Sham  samples  were  in  the  same 
environmental  conditions.  Exposure  durations  ranged  from  2  up  to  18  hours,  and  dose-response  investigation  was 
performed  at  average  SAR  levels  of  0.7  mW/kg  and  3  mW/kg. 

The  inhibition  of  proliferation  and  viability  reached  its  maximum  for  exposures  of  2h15m  duration  (21%  at  lower 
SAR  level  and  12%  at  highest  one),  and  for  exposures  of  18h  duration  (40%  at  lower  SAR  level  and  20%  at  highest 
one).  Less  marked  effects  were  observed  with  exposures  of  4  and  9  hours  to  the  SAR  level  of  3  mW/kg. 

To  test  the  dependence  on  calcium  of  the  effect,  experiments  were  performed  in  Ca-depleted  medium  (KC1  ImM 
was  added  to  keep  the  right  ionic  strength).  Exposure  to  EMF  for  18  hours  in  these  experimental  conditions  caused  a 
further  10%  increase  in  cell  growth  inhibition,  regardless  SAR  levels. 

Moreover  we  studied  the  effect  of  EMF  on  the  structure  of  tissue  Transglutaminase  (tTG),  a  calcium-dependent 
enzyme  involved  in  wound  healing  and  epithelial  differentiation.  Indeed,  after  2  hours  exposure  at  the  SAR  level  of  0.7 
mW/kg,  the  fluorescence  spectrum  of  tTG  (excited  at  293  nm)  was  differentially  modulated  in  comparison  to  sham 
samples.  EMF  treatment  seems  to  induce  a  conformational  change  similar  to  that  observed  during  its  activation  which 
occurs  upon  calcium  addition. 


Introduction 

Several  authors  reported  about  the  alteration  of  cell  membrane  surface  charges  exposed  to  low  frequency 
electromagnetic  fields  (EMF)  and  conflicting  results  have  been  reported  on  the  probably  consequent  mobilization  of 
intracellular  calcium.  However  only  little  studies  have  been  reported  on  the  effects  of  radiofrequencies  (900  MHz)  on 
calcium  metabolism  in  normal  human  cells.  The  role  of  calcium  ions  in  several  biological  pathways  has  been  supported. 
In  the  case  of  EMF  it  could  be  hypothetized  that  EMF  exposure,  by  disturbing  intracellular  calcium  availability  and 
fluxes,  can  interfere  with  biological  cellular  pathways.  Additional  mechanism  of  interaction  of  EMF  with  biological 
tissue  could  be  traced  to  the  different  permeability  of  certain  ions,  like  calcium,  through  the  canals  of  the  membranes 
that  permit  the  passage  of  salts  (called  ionic  canals);  today  of  fundamental  importance  for  the  study  of  brain  cells  and  of 
other  neurological  diseases  (Marchionni  et  al.,  2006).  Moreover,  exposure  to  EMF  is  able  to  change  in  vitro  protein 
conformation  and  enzyme  activity  suggesting  a  great  influence  in  cellular  metabolism  (Barteri  et  al.,  2005).  It  has  been 
reported  also  that  900  MHz  do  not  modulate  the  signal  transmission  in  the  peripheral  nervous  system,  whereas  50/60  Hz 
are  effective.  Moreover  biphasic  actions  depending  on  frequencies  and  intensities  have  been  reported  (Marchionni  et 
al.,  2006). 

Following  the  previuos  results  assessing  that  exposure  to  900  MHz  could  trigger  a  differentiation  program  in 
HaCaT  cells  (Duranti  et  al,  2004;  Durand  et  al.,  2005),  in  the  present  work,  we  investigated  in  vitro  the  EMF-induced 
effects  in  relation  to  calcium  concentration.  We  choose  a  human  normal  immortalized  keratinocytes  cell  line  (HaCaT), 
since  keratinocytes  are  naturally  exposed  to  both  mechanical  and  thermal  stimuli,  and  skin  is  usually  exposed  to 
electromagnetic  radiation  at  considered  frequency  more  than  inner  tissues.  We  examined  the  cell  proliferation  at 
different  times  of  EMF  exposure  in  the  presence  or  absence  of  calcium  and  at  different  SAR  exposures.  Moreover  we 
observed,  by  spectrophotometric  determination,  a  modification  in  the  structure  of  tissue  transglutaminase  (tTG)  a 
calcium-dependent  enzyme  involved  in  wound  healing  and  epithelial  differentiation. 

Altogether,  our  results  suggest  an  involvement  of  the  intracellular  Ca2+  availability  in  the  cell  response  to  900  MHz 
EMF  exposure. 
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Materials  and  Methods 

Reagents 

Cell  culture  media  (Dulbecco’s  MEM  mix  F-12  and  C02-independent  media)  were  obtained  from  Invitrogen,  Carlsbad, 
CA,  USA;  heat-inactivated  fetal  bovine  serum  FBS  and  trypsin  were  obtained  from  HyClone,  Oud-Beijerland,  Holland. 
Tris  (hydroxymethyl)-aminomethane,  HC1,  were  obtained  from  Fluka  (Buchs,  Switzerland),  Calcium-free  keratinocyte 
growth  medium  from  Cambrex-Clonetics  (Baltimore  USA).  Primary  and  secondary  antibodies  were  obtained  from 
Santa  Cruz  (Santa  Cruz,  CA  USA).  All  the  other  reagents,  unless  otherwise  specified,  were  from  Sigma  Chemical  (St. 
Louis,  MO,  USA). 

SAR  determination 

Computational  simulations  have  been  carried  out  by  employing  the  electromagnetic  commercial  simulator  Microwave 
Studio  (MWS)  by  CST-Germany,  based  on  the  Finite  Integration  Technique  (FIT).  This  numerical  method,  developed 
by  Weiland  in  1977,  provides  a  discrete  reformulation  of  Maxwell’s  equations  in  their  integral  form  suitable  for 
computers  and  it  allows  simulating  real-world  EMF  problems  with  complex  geometry.  In  order  to  numerically  solve 
Maxwell’s  equations,  a  finite  calculation  domain  is  defined.  By  creating  a  suitable  mesh  system,  this  domain  is  splitted 
up  into  small  cubes,  so-called  grid  cells.  In  combination  with  the  FIT,  MWS  employs  the  Perfect  Boundary 
Approximation  (PBA)  for  the  spatial  discretization  of  the  simulated  structure  that  allows  an  accurate  modelling  of  bend¬ 
shaped  structures. 

In  order  to  simulate  in  vitro  tests,  the  exposure  set  up  was  represented  as  two  parallel  metallic  plates  of  (80  x  99)  mm 
size,  at  27  mm  of  distance  and  4  Petri  dishes  or  2  flasks  were  inserted  between  the  plates.  In  simulation  for  exposure  to 
900  MHz  EMF,  the  plexiglas  dishes  were  of  35  mm  of  diameter,  height  of  8  mm  and  1  mm  of  thickness.  Each  culture 
medium  was  then  parameterized  as  dish  of  33  mm  of  diameter  and  3.5  mm  of  height  for  a  total  liquid  volume  of  3  ml. 
In  the  simulation  of  exposure  to  1.8  GHz  EMF  the  flasks  were  represented  by  means  of  a  plexiglas  parallelepiped  of  (35 
x  35  x  20)  mm  size  and  of  1  mm  thickness  for  each  wall.  Consequently  each  culture  medium  was  parameterized  as  a 
parallelepiped  of  (33  x  33  x  3.7)  mm  size,  for  a  total  liquid  volume  of  5  ml. 


Cell  cultures  and  EMF  exposure 

Human  keratinocytes  (HaCaT)  were  grown  in  T25  cell  colture  flask  (SARSTEDT)  in  a  1:1  mixture  of  minimal  essential 
medium  (Dulbecco’s  MEM)  and  Ham’s  F-12  medium  supplemented  with  10%  (v/v)  heat-inactivated  foetal  calf  serum, 
1%  non-essential  amino  acids,  at  37°C  with  5%  C02  in  a  humidified  atmosphere.  No  antibiotics  were  used.  Cells  were 
split  1:6  twice  weekly  and  fed  24  hours  before  each  experiment. 

Cells  were  seeded  (8.000  cells/cm2)  in  culture  medium  and  allowed  to  recover  physiological  growth  conditions  in  a  5% 
C02  atmosphere  at  37°C  for  24h.  Then  medium  was  replaced  with  calcium-free  keratinocyte  growth  medium  and  KC1 
(ImM)  was  added  to  keep  the  right  ionic  strength,  then  samples  were  transferred  in  a  37°C  incubator  without  C02  and 
exposed  to  EMF  for  different  times. 

Shame  samples  prepared  exactly  as  the  exposed  were  in  the  same  incubator  out  of  radiation  field.  All  samples  were  in 
duplicate.  All  the  results  are  the  mean  with  standard  deviation  of  at  least  3  independent  experiments. 

Cell  proliferation 

HaCaT  cells,  were  exposed  to  an  EMF  of  900  MHz  with  different  intensities  ranging  between  1.5  and  12V/m  for 
different  times  (2h-72h).  To  assess  HaCaT  viability  and  proliferation,  cells  were  counted  at  72h  after  EMF  exposure  by 
a  Burker  chamber  and  viability  was  evaluated  by  trypan  blue  exclusion  assay.  Briefly,  cells  were  trypsinized,  collected 
in  1  ml  PBS  and  mixed  1:1  with  trypan  blue  solution  (0.8  mM  in  PBS).  Viable  cells  exclude  trypan  blue  while  dead 
cells  stain  blue  due  to  trypan  blue  uptake. 

Spectroscopic  Assays 

tTG  from  guinea  pig  liver  was  dissolved  in  Tris-HCl  50  mM  buffer,  pH  7.5,  containing  5  mM  EDTA.  Steady-state 
fluorescence  was  measured  with  a  ISS-K2  fluorometer  (ISS,  Champaign,  IL)  thermostating  the  sample  at  20°C  by  an 
external  bath  circulator.  The  emission  spectra  was  detected  through  a  WG  305  cut-off  filter  to  suppress  scattered  light. 


Protein  expression  level 

10-20  pg  of  cellular  proteins  (in  25  mM  Tris-HCl  pH  8,  0.5%  SDS,  0.05%  mercaptoethanol,  2.5%  glycerol  and  0.001% 
bromephenol  blue)  were  denaturated  at  100°C  for  5  minutes,  subjected  to  SDS-PAGE  on  a  10%  polyacrylamide  gel  and 
then  electroblotted  onto  a  PVDF  membrane  at  130  V  for  1  hour.  Blots  were  blocked  with  5%  non-fat  dry  milk  (Biorad, 
Hercules,  CA)  and  then  incubated  with  specific  primary  antibodies,  p-ERK  (Santa  Cruz  CA  USA)  and  P-tubulin  (Santa 
Cruz  CA  USA).  After  washing  and  incubation  with  the  horseradish  peroxidase-conjugated  secondary  antibody, 
detection  was  carried  out  with  ECL  (Amersham). 
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Results  and  Discussion 

Effects  of  900  MHz  CW  on  HaCaT  cells  were  investigated.  Exposure  for  18  h  to  900  MHz  at  different  intensities  in  a 
range  between  1.5  and  12  V/m  corresponding  to  a  maximal  SAR  of  3  mW/kg  caused  a  cell  growth  inhibition  not 
directly  related  to  the  intensity  (Table  1). 


Table  1.  HaCaT  proliferation  after  exposure  for  18  h  to  900  MHz  at  different  intensities 


V/m  (SAR:mW/kg) 


1.5  3  6  (0.7)  12  (3) 


Sham 


1 


Exposed 


0.95+0.04  1. 0+0.1  0.73+0.04  0.82+0.08 


The  antiproliferative  effect  of  EMF  was  evaluated  at  72h  after  different  times  of  exposure  ranging  from  2  up  to  72 
hours.  As  shown  in  table  2,  maximal  effects  were  found  for  short  exposure  times,  whereas  at  72h  of  exposure,  no  cell 
growth  inhibition  could  be  detected. 

Table  2.  HaCaT  proliferation  after  exposure  to  900  MHz  for  different  times 


Time  of  exposure  (hours) 


2.15 

4.30 

9 

18 

24 

72 

Sham 

1 

1 

1 

1 

1 

1 

Exposed  (0.7  mW/kg) 

0.79+0.12 

n.d. 

n.d. 

0.80+0.1 

n.d. 

n.d. 

Exposed  (3  mW/kg) 

0.74+0.1 

0.86+0.03 

1.05+0.04 

0.82+0.08 

0.84 

0.97 

The  inhibition  of  proliferation  and  viability  reached  its  maximum  for  exposures  of  2hl5m  duration  (21%  at  the 
lower  SAR  level  and  26%  at  the  highest  one),  and  for  exposures  of  18h  duration  (20%  at  the  lower  SAR  level  and  18% 
at  the  highest  one)  (Table  2).  Less  marked  effects  were  observed  with  exposures  of  4  and  9  hours  to  the  SAR  level  of  3 
mW/kg  (Table  2). 

Since  it  has  been  reported  an  involvement  of  ion  channels  in  the  effects  of  EMF  exposure  on  biological  materials,  we 
investigated  the  dependence  on  calcium  of  the  effects  of  EMF  at  SAR  level  of  3  mW/kg  as  above  reported.  Thus  we 
performed  some  experiments  in  Ca-depleted  medium.  Exposure  to  EMF  for  18  hours  in  these  experimental  conditions 
caused  a  further  10%  increase  in  cell  growth  inhibition  (Table  3). 
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Table  3.  Cell  proliferation  after  exposure  to  900  MHz  EMF  (3  mW/kg)  for  18h  in  the  presence  or  absence  of  Ca2+.  Cell 
number  was  determined  at  72h  after  the  end  of  exposure. 


Cell  number  x  103 

+  Ca2+ 

-  Ca2+ 

Sham 

520+26 

407+32 

Exposed 

467+28 

313+19 

This  result  suggests  that  a  modification  of  intracellular  calcium  concentration  would  affect  the  antiproliferative 
activity  of  900  MHz  EMF.  Ca2+  modulates  several  signaling  pathways.  In  epidermal  growth  factor  receptor  stimulation, 
calcium  is  required  for  the  activation  of  the  extracellular  signal-regulated  kinases  (ERK)  (Pusl  et  al.,  2002).  ERKs,  in 
turn,  phosphorylate  the  transcription  factor  Elk-1  which  becomes  active.  Activation  of  Elk- 1  leads  to  the  transcription  of 
growth-related  genes  (Sharrocks,  2001)  (Fig.l).  We  therefore  examined  the  level  of  phospho-ERK  expression  by 
western  blot  analysis.  A  barely  detectable  decrease  of  phospho-ERK  expression  was  found  immediately  after  EMF 
exposure  with  respect  to  the  control  sham  cells.  This  effect  was  more  evident  for  exposures  performed  in  the  absence  of 
Ca2+  ,  supporting  a  role  for  calcium  in  keratinocytes  proliferation  and  differentiation.  After  72h  recovery,  p-ERK 
expression  in  exposed  cells  rise  to  sham  level  suggesting  that  the  decrease  in  ERK  phosphorylation  was  due  to  the 
presence  of  the  EMF  (Fig.  2).  Additional  experiments  are  required  to  determine  the  role  of  EMF  in  such  process. 


H  [Ca2+] 

I 

EOF  - ►  p-ERK - ►  p-ELKl 

L  [Ca2+] 

CD 

EOF  - ►  p-ERK - ►  p-ELKl 


Fig.  1  Effect  of  High  (H)  and  Low  (L)  calcium  concentration  on  ERK  phosphorylation. 
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a)  C’a2+  complete  media 


Oli  recovery 


"2h  recovery 


p-ERK 
P-  tubulin 


p-ERK 
ft- tubulin 


1  0.8 

b)  Ca2+-free  media 

Oh  recovery 


1  1 


"21i  recoveiy 


p-ERK 
P-  tubulin 


1  0,7 


p-ERK 
P~  tubulin 


0.9 


Fig.  2  -  Phospho-ERK  expression  after  exposure  to  900  MHz  EMF  for  18h  in  the  presence  or  absence  of  Ca2+.  Western 
blot  analysis  was  performed  immediately  after  exposure  and  72h  after  exposure  in  Ca2+  complete  medium  (a)  or  in  Ca2+ 
free  medium  (b).  Tubulin  is  reported  as  control  of  loading.  Numbers  indicate  the  normalization  of  p-ERK  band  in 
exposed  samples  versus  sham  samples. 


Transglutaminases  are  a  class  of  enzymes  that  induce  cross-link  between  proteins  by  catalyzing  the  formation  of  an 
isopeptidyl  bond.  They  are  involved  in  processes  like  apoptosis,  differentiation,  wound  healing.  Tissue  transglutaminase 
(tTG)  is  activated  by  a  conformational  change  induced  by  calcium  which  is  necessary  for  its  activation  (Folk  et  al., 
1967).  It  has  been  reported  that  calcium  binding  to  tTG  can  be  monitored  because  it  alters  the  steady-state  protein 
fluorescence  spectra  (Di  Venere  et  al.,  2000).  We  found  that  after  2  hours  exposure  at  the  SAR  level  of  0.7  mW/kg,  the 
fluorescence  spectra  of  tTG  was  altered  in  comparison  to  sham  samples  in  a  way  resembling  calcium  binding  to  the 
enzyme.  Therefore  EMF  treatment  seems  to  induce  a  conformational  protein  change  similar  to  that  observed  during  its 
activation.  It  is  interesting  to  note  that  EMF  could  exerts  this  effect  in  absence  of  calcium.  Further  studies  are  needed  to 
clarify  the  mechanism  and  the  effects  on  cell  metabolism. 


Fig.  3  -  Steady  state  fluorescence  spectra  of  tTG  exposed  at  900  MHz  EMF  for  two  hours  (solid  line)  compared  to  sham 
(dotted  line).  Excitation  wavelenght  at  293  nm. 

Altogether,  our  results  suggest  that  the  cellular  response  to  EMF  could  be  mediated  by  intracellular  Ca2+  availability. 
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Abstract 

The  effects  of  ultra  high  frequency  EMFs  with  biological  systems  were  investigated  by  in  vitro  studies  in  human 
immortalized  keratinocytes  (HaCaT).  Cells  were  exposed  to  900  MHz  CW  at  average  SAR  level  of  about  1-5  mW/kg, 
and  1.8  GHz  CW  at  average  SAR  level  of  about  10  mW/kg,  for  different  periods  of  time.  Exposures  to  900  MHz  CW, 
at  durations  of  2h15m  and  18h  caused  a  reduction  in  the  cell  growth,  whereas  same  duration  exposures  to  1.8  GHz  CW 
caused  an  increase  of  cell  proliferation.  Cell  cycle  perturbations  were  observed  in  both  cases,  with  a  decrease  of  G1 
phase  after  18h  exposure.  Longer  exposure  durations  (72h)  were  ineffective,  suggesting  a  cellular  adaptation  to  these 
stress  conditions. 

Preliminary  studies  showed  that  the  effects  of  900  MHz  exposure  were  independent  of  temperature  (34°C  or  38°C),  but 
dependent  on  calcium  concentration  in  the  medium.  The  effects  of  exposure  on  the  redox  balance  were  examined.  Short 
time  (2h15m)  900  MHz  exposure  evidenced  a  decrease  of  Total  Antioxidant  Status  (TAS)  values,  whereas  1.8  GHz  was 
ineffective,  regardless  the  higher  SAR  level.  Our  results  suggest  that  exposure  to  different  frequencies  and  SAR  levels 
caused  different  effects  on  biological  systems.  Cell  cycle  perturbations  and  oxido-reductive  response  seem  to  be 
involved. 


Introduction 

Electromagnetic  field  (EMF)  exposure  from  sources  such  as  power  lines,  mobile  phones,  TV  and  radio  transmitters,  and 
from  new  and  emerging  technologies,  is  frequently  seen  as  a  potential  source  of  risk  for  people  and  environment.  While 
significant  EMF  research  has  been  conducted  over  the  past  years,  technological  changes  have  been  so  rapid  that  science 
has  been  unable  to  sufficiently  assess  potential  health  risks  in  a  timely  manner  [1].  The  effect  of  extremely  low- 
frequency  electromagnetic  field  (ELF/EMF)  exposure  on  human  health  has  been  widely  debated.  A  number  of 
epidemiological  studies  have  pointed  to  a  slight  increase  in  malignant  diseases  in  populations  exposed  to 
electromagnetic  fields  through  the  vicinity  of  power  lines.  A  significant  positive  association  was  observed  between 
childhood  leukemia  and  exposure  of  children  to  magnetic  fields  during  the  night  [2-4].  Our  previous  studies  showed  a 
low  but  reproducible  antiproliferative  effect  of  50  Hz  magnetic  field  on  human  leukemia  cells  [5]  while  no  long  term 
effects  were  found  in  human  breast  carcinoma  cells  [6].  The  increasing  number  of  epidemiological  observations 
prompted  us  to  a  study  on  the  impact  of  electromagnetic  fields  on  biological  parameters  of  a  human  normal 
keratinocytes  cell  line,  to  verify  whether  there  exist  significant  effects  induced  by  the  exposure  to  high  frequency  EMF 
in  a  controlled  and  reproducible  experimental  condition  (biological  and  physical).  HaCaT  (human  keratinocytes)  cell 
line  has  been  chosen  as  an  excellent  model  to  study  the  biological  effect  of  radiations  since  they  are  cells  which  receive, 
in  the  first  line,  the  energy  associated  to  radiations.  We  already  reported  that  exposure  to  900  MHz  could  trigger  a 
differentiation  program  in  HaCaT  cells  [7,8].  We  examined  the  eventual  effects  of  two  different  high  frequencies  (900 
MHz  and  1.8  GHz)  on  cell  proliferation,  cell  cycle  progression  and  oxidative  response  of  these  cells  after  different 
times  and  intensities  exposures.  The  aim  was  to  examine  the  biological  effects  of  exposures  to  a  wide  range  of  SAR 
values.  Thus,  we  started  the  study  by  exposing  cells  to  very  low  levels  of  SAR  such  as  lmW/kg  at  900  MHz  and 
lOmW/kg  at  1.8  GHz. 

Interestingly  we  observed  an  increase  in  cell  growth  after  exposures  to  1.8  GHz  and  an  inhibition  of  cell  growth  after 
exposures  to  900  MHz.  Exposures  till  24  h  caused  differences  in  the  considered  biological  parameters  whereas  after 
longer  times  of  exposure  a  kind  of  adaptation  and  a  decrease  of  the  effects,  which  revert  to  control  values,  was  found. 
The  involvement  of  temperature  and  of  calcium  concentration  was  also  examined. 
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Materials  and  Methods 

SAR  determination 

Computational  simulations  have  been  carried  out  by  employing  the  electromagnetic  commercial  simulator  Microwave 
Studio  (MWS)  by  CST-Germany  [9],  based  on  the  Finite  Integration  Technique  (FIT)  [10].  This  numerical  method, 
developed  by  Weiland  in  1977,  provides  a  discrete  reformulation  of  Maxwell’s  equations  in  their  integral  form  suitable 
for  computers  and  it  allows  simulating  real-world  EMF  problems  with  complex  geometry.  In  order  to  numerically  solve 
Maxwell’s  equations,  a  finite  calculation  domain  is  defined.  By  creating  a  suitable  mesh  system,  this  domain  is  splitted 
up  into  small  cubes,  so-called  grid  cells.  In  combination  with  the  FIT,  MWS  employs  the  Perfect  Boundary 
Approximation  (PBA)  for  the  spatial  discretization  of  the  simulated  structure  that  allows  an  accurate  modelling  of  bend¬ 
shaped  structures  [11], 

In  order  to  simulate  in  vitro  tests,  the  exposure  set  up  was  simplified.  In  fact  in  the  numerical  model  only  the  exposure 
zone  of  the  two  set  up  was  modelled,  presuming  that  the  detailed  description  of  the  adaptive  section  was  not  relevant  for 
SAR  evaluation  purposes.  Each  exposure  set  up  was  then  represented  as  two  parallel  metallic  plates  of  (80  x  99)  mm 
size,  at  27  mm  of  distance  and  Petri  dishes  or  flasks  were  inserted  between  the  plates.  In  simulation  for  exposure  to  900 
MHz  EMF  we  have  four  plexiglas  dishes  of  35  mm  of  diameter,  height  of  8  mm  and  1  mm  of  thickness.  Each  culture 
medium  was  then  parameterized  as  dish  of  33  mm  of  diameter  and  3.5mm  of  height  for  a  total  liquid  volume  of  3  ml.  In 
the  simulation  of  exposure  to  1.8  GHz  electromagnetic  field  we  have  two  polystyrene  flasks.  Each  flask  was  represented 
by  means  of  a  plexiglas  parallelepiped  of  (35  x  35  x  20)  mm  size  and  of  1  mm  thickness  for  each  wall.  Consequently 
each  culture  medium  was  parameterized  as  a  parallelepiped  of  (33  x  33  x  3.7)  mm  size,  for  a  total  liquid  volume  of  5 
ml. 


Cell  cultures  and  EMF  exposure 

Human  keratinocytes  (HaCaT)  were  grown  in  D-MEM/F-12  medium  (Invitrogen,  Carlsbad,  CA,  USA),  supplemented 
with  10%  (v/v)  heat-inactivated  foetal  calf  serum  (HyClone,  Oud-Beijerland,  Holland)  and  non-essential  aminoacids 
1%,  at  37°C  in  a  5%  CO2  humidified  atmosphere.  No  antibiotics  were  used.  Cells  were  seeded  (8.000  cells/cm2)  in 
culture  medium  and  allowed  to  grow  in  physiological  conditions  in  a  5%  C02  atmosphere  at  37°C  for  24  h.  Then 
medium  was  replaced  with  C02-independent  medium  (Invitrogen)  to  maintain  the  correct  pH  and  samples  were 
transferred  in  a  37°C  incubator  without  C02  and  exposed  to  EMF  for  different  times. 

Sham  samples,  prepared  exactly  as  the  exposed,  were  in  the  same  incubator  out  of  radiation  field.  All  samples  were  in 
duplicate.  The  results  are  the  mean  with  standard  deviation  of  at  least  3  independent  experiments. 


Cell  proliferation  and  Cell  cycle  analysis 

HaCaT  cells,  were  exposed  to  an  electromagnetic  field  of  900  MHz  with  different  intensities  ranging  between  1 .5  and 
12  V/m  or  1.8  GHz  at  25  V/m  for  different  times  (2  h-72  h). 

Cell  proliferation  was  evaluated  at  72  h  after  EMF  exposure  by  counting,  in  a  Burker  chamber,  trypan  blu  excluding 
cells  (alive  cells). 

For  cell  cycle  analysis,  samples  were  washed  in  PBS  (phosphate  buffered  solution)  and  stained  with  a  solution  of 
propidium  iodide  (PI)  (20  pg/ml)  (Sigma-Aldrich,  St.  Louis,  MO,  USA)  e  RNase  (Sigma)  1  mg/ml  in  PBS.  Cell  cycle 
distribution  was  analyzed  by  a  FACScan  cytofluorimeter  equipped  with  an  argon  laser  for  fluorescence  excitation  at 
488  nm  (Becton  Dickinson,  Mountain  View,  CA,  USA)  after  30-60  min  of  incubation.  Analysis  of  the  percentage  of 
cells  in  each  phase  of  the  cell  cycle  was  performed  by  means  of  Cellfit  software  (Becton  Dickinson). 


Total  Antoxidant  Status 

Total  antioxidant  status  (TAS),  including  enzymatic  and  non-enzymatic  cellular  systems,  was  measured  in  cells 
homogenates  as  Trolox  Equivalent  Antioxidant  Capacity  (TEAC),  with  the  modification  of  ABTS-cation  radical 
method  [12]. 

After  exposure,  cells  were  trypsinized,  centrifuged,  and  the  cell  pellets  were  resuspended  in  100  pi  PBS  with  1  mM 
PMSF.  After  sonication,  10  pi  of  cellular  homogenates  was  immediately  tested. 

Briefly,  300  pi  ABTS  (500  pM),  36  pi  metamyoglobin  (70  pM),  487  pi  PBS,  10  pi  sample  (0.6  mg  of  proteins)  were 
mixed  and  then  the  reaction  was  started  by  adding  167  pi  H202  (450  pM).  This  method  is  based  on  the  reactivity  of 
intracellular  antioxidant  compounds  relative  to  a  1  mM  Trolox  (vitamin  E  analogue)  standard.  A  Trolox-calibration 
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curve  by  three  concentrations  was  performed  during  each  esperiment.  The  reaction  was  followed  specrophotometrically 
at  734  nrn  for  15  minutes.  All  compounds  were  from  Sigma-Aldrich. 

Protein  level  expression 

10-20  pg  of  cellular  proteins  (in  25  mM  Tris-HCl  pH  8,  0.5%  SDS,  0.05%  mercaptoethanol,  2.5  %  glycerol  and  0.001 
%  bromephenol  blue)  were  denaturated  at  100°C  for  5  minutes,  subjected  to  SDS-PAGE  on  a  10%  polyacrylamide  gel 
and  then  electroblotted  onto  a  PVDF  membrane  at  130  V  for  1  hour.  Blots  were  blocked  with  5%  non-fat  dry  milk 
(Biorad,  Hercules,  CA)  and  then  incubated  with  specific  primary  antibodies,  HSP-70  (Chemicon  International)  and  P- 
tubulin  (Abeam  pic,  Cambridge.UK).  After  washing  and  incubation  with  the  horseradish  peroxidase-conjugated 
secondary  antibody,  detection  was  carried  out  with  ECL  (Amersham-GE  Healthcare). 


Results  and  discussion 

SAR  determination 

By  applying  the  above  reported  computational  simulation  for  SAR  determination,  we  verified  that  with  an  EMF  at  900 
MHz  with  an  electric  field  between  1.5  and  12  V/m,  the  mean  value  of  SAR  in  our  samples  was  between  1  and  5 
mW/kg.  In  samples  exposed  to  1.8  GHz  at  an  electric  field  of  25  V/m,  the  mean  value  of  SAR  was  10  mW/kg. 


Cell  srowth 

HaCaT  cell  growth  was  determined  by  cell  counting  at  72  h  after  different  times  of  EMF  exposure.  As  shown  in  Fig.  1 
(panel  A)  exposures  to  900  MHz  caused  a  reduction  in  cell  growth  at  least  till  24  h,  whereas  exposures  to  1.8  GHz 
caused  an  increase  of  cell  proliferation.  In  both  cases  longer  times  of  exposition  to  EMF  were  ineffective  on  cell 
proliferation.  Moreover  (Fig.l,  panel  B),  exposures  to  900  MHz  to  different  intensities  were  ineffective  till  3  V/m, 
whereas  6  and  12  V/m  caused  a  marked  decrease  in  cell  growth. 


A  B 


Fig.  1  HaCaT  cell  growth  at  different  times  of  exposure  to  EMF  1.8  GHz  25  V/m  (dotted  line)  or  900  MHz  12  V/m 
(solid  line)  (panel  A),  or  900  MHz  and  different  intensities  for  18  h  (panel  B). 


Thus  next  experiments  were  performed  after  short  time  exposures  (2.15  or  18  h)  and  at  12  V/m  (SAR  =  5  mW/kg)  of 
intensity  for  900  MHz  and  24h  of  exposure  to  25  V/m  (SAR  =  10  mW/kg)  for  1.8  GHz. 

As  shown  in  table  1,  exposure  to  EMFs  of  900  MHz  or  1.8  GHz  caused  a  modification  in  S  phase,  immediately  after 
exposure  to  900  MHz  for  18  h.  The  decrease  in  S  phase  after  900  MHz  exposition  and  increase  in  the  same  phase  after 


1.8  GHz  are  in  agreement  with  the  respective  decrease  and  increase  in  cell  proliferation.  At  longer  times  of  exposure 
(not  shown)  or  of  recovery  after  a  18  h  exposure,  values  similar  to  sham  control  samples  were  found  in  all  experimental 
conditions. 
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Table  1.  Effect  of  18  h  EMF  exposure  on  cell  cycle  distribution  after  different  times  of  recovery.  The  percentage  of 
cells  in  each  phase  is  reported. 


0  h  of  recovery 

24  h  of  recovery 

48  h  of  recovery 

G1  S  G2 

G1  S  G2 

G1  S  G2 

Sham 

44 

41 

15 

44 

41 

14 

48 

40 

12 

900  MHz 
(5mW/kg) 

50 

31 

19 

46 

42 

14 

49 

40 

11 

1.8  GHz 
(lOmW/kg) 

38 

46 

16 

43 

42 

15 

Since  modification  of  temperature  induced  by  EMFs  could  be  involved  in  the  observed  modification  in  cell  proliferation 
and  cell  cycle  progression,  cell  growth  after  incubation  for  18  h  at  34°C  or  38°C  was  evaluated.  As  shown  in  table  2,  no 
modifications  in  cell  cycle  distribution  were  observed  nor  at  34°C  nor  at  38°C,  indicating  that  the  EMF  effects  were  not 
related  to  the  temperature. 


Table  2.  Effect  of  EMF  on  cell  cycle  distribution  at  different  times  of  recovery  after  18  h  of  exposure  to  different 
temperatures.  The  percentage  of  cells  in  each  phase  is  reported. 


%  of  cells 


G1 

S 

G2 

0  h  of  recovery 

37°C 

44 

41 

15 

34°C 

38 

43 

19 

38°C 

40 

41 

19 

24  h  of  recovery 

37°C 

44 

41 

14 

34°C 

45 

40 

15 

48  h  of  recovery 

37°C 

48 

40 

12 

34°C 

44 

43 

13 

Results  are  from  one  of  two  independent  experiments. 


A  dependence  of  EMF  antiproliferative  effect  on  Ca++  was  found.  Indeed  in  the  absence  of  Calcium  (replaced  by  K+)  a 
higher  reduction  of  cell  growth  in  comparison  to  that  of  cells  exposed  in  normal  culture  conditions  was  observed  (Fig 
2).  This  result  suggests  that  an  inhibition  of  calcium-dependent  enzymes  could  synergize  with  the  antiproliferative 
effect  of  EMF. 


1160 


complete  medium 


Fig.  2  -  Cell  proliferation  after  exposure  to  900  MHz  EMF  for  18  h  in  the  presence  or  absence  of  Ca++.  Cell  number  was 
determined  at  72  h  after  exposure. 


To  deeply  understand  the  mechanism  of  the  induction  of  the  cellular  response  observed  in  EMF  exposed  cells,  we 
examined  the  redox  balance  after  2.15  h  and  18  h  of  900  MHz  exposure.  As  shown  in  Fig.  3  a  decrease  in  the  total 
antioxidant  status  was  found  mainly  after  2.15  h  of  exposure.  At  longer  times  (18  h  of  exposure)  a  less  marked 
reduction  was  observed. 


Fig.  3  -  Total  Antioxidant  Status  of  HaCaT  cells  after  exposure  to  900  MHz  EMF  for  2.15  h  or  18  h. 


Then  the  expression  level  of  HSP-70,  a  stress  induced  protein,  was  detected.  In  agreement  with  the  above  reported 
results  an  increase  in  HSP-70  expression  was  found  in  cells  exposed  for  2.15  h  to  900  MHz  (Fig.  4).  Again,  after  18  h  of 
cell  exposure  to  EMFs,  the  expression  level  of  this  protein  was  similar  to  sham  samples. 
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Fig.  4  -  HSP-70  protein  expression.  Protein  level  was  determined  at  0  h  and  72  h  after  18  h  of  EMF  exposure.  Tubulin 
is  reported  as  control  of  loading.  Numbers  indicate  the  normalization  of  HSP-70  band  in  exposed  samples  versus  sham 
samples. 

In  conclusion  the  biological  effects  of  the  two  different  high  frequencies  (900  MHz  and  1.8  GHz)  examined  in  the 
human  normal  cell  line  HaCaT  after  exposures  for  different  times  and  to  different  intensities  were  quite  different. 
Indeed,  we  observed  an  increase  in  cell  growth  after  exposures  to  1.8  GHz  and  an  inhibition  of  cell  growth  after 
exposures  to  900  MHz.  These  modulations  were  reduced  (10-25  %)  but  reproducible.  Temperature,  often  reported  as 
the  cause  of  biological  effects  of  EMF  [13]  was  ineffective,  in  range  between  34°C  and  38°C  on  this  cell  system 
suggesting  the  lack  of  its  involvement  in  the  response  of  HaCaT  cells.  On  the  contrary,  an  increase  EMF 
antiproliferative  effect  was  found  in  the  absence  of  calcium,  suggesting  a  dependence  of  biological  effects  of  EMF  on 
calcium  concentration. 

Moreover  the  inhibition  observed  after  900  MHz  exposure  was  related  to  an  increase  in  the  expression  of  HSP-70  a 
protein  related  to  the  cellular  stress  and  to  the  antioxidant  status  of  the  cell.  The  observation  that  these  parameters 
reverted  to  control  levels  after  longer  times  of  exposure  or  of  recovery  after  exposure  to  EMFs  support  the  hypothesis  of 
other  authors  of  an  “adaptation"  of  cells  to  the  effects  produced  by  electromagnetic  energy  on  the  biological  matter. 

From  this  study  it  emerges  that  an  interaction  between  EMF  and  cell  systems  exists  even  at  very  low  levels  of  exposure. 
Moreover  they  confirm  that  frequency,  intensity,  and  time  of  EMF  exposure  are  parameters  markedly  affecting  the 
biological  response  for  which  is  not  easy  to  find  a  model  of  correlation. 
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Abstract 

Standard  models  of  cells  for  studying  their  interaction  with  electromagnetic  fields  are  based  on  shelled  spheres 
or  ellipsoids  with  characteristic  electrical  parameters  -permittivity  and  conductivity-  for  each  homogeneous 
region.  However,  many  biological  cells  present  a  complex  surface  structure  with  microvilli,  blebs,  folds,  etc., 
that  make  these  models  inadequate  to  correctly  describe  the  field  effects. 

In  this  work  we  examine  the  dielectric  response  of  2D  dielectric  particle  models  with  surface  roughness  in 
quasi-static  approximation,  using  a  BEM  method  based  on  the  integral  formulation  for  the  induced  polarization 
charges  on  the  interfaces.  Different  mathematical  surface  morphologies  are  considered:  sinusoidal  or  fractal 
corrugations,  characterized  by  their  corresponding  height  and  correlation  length.  Results  are  interpreted  by 
comparing  with  the  standard  BEM  approach  for  the  electrostatic  potential. 


Introduction 

The  dielectric  behavior  of  materials  depends  sensitively  on  the  characteristics  of  their  surfaces.  These 
characteristics  have  influence  on  important  phenomena  and  applications,  such  as  the  dielectric  breakdown  of 
insulating  materials,  the  development  of  capacitors  with  very  high  capacitance  using  fractal  surfaces  or  the 
electrorheological  response  of  particle  suspensions  [Klingenberg  and  Cooper  1995].  On  the  other  hand,  it  is  well 
established  that  most  examples  of  surfaces  exhibit  certain  degree  of  roughness.  The  inclusion  of  the  surface 
structure  in  the  models  that  describe  the  electrical  response  of  colloidal  suspensions,  can  be  of  help  in  the 
characterization  of  particles  using  dielectric  spectroscopy  or  electrokinetic  measurements,  as  well  as  for 
designing  purposes  in  the  development  of  new  applications  in  these  or  related  fields.  In  the  high  frequency  range, 
scattering  by  rough  surfaces  have  been  extensively  investigated  using  Kirchhoff  theory,  based  on  a  local 
application  of  Fresnel  laws,  using  the  tangent  plane  approximation  [Caron  et  al.  2002].  At  lower  frequencies, 
where  the  roughness  size  is  comparable  or  greater  than  the  field  wavelength,  the  incorporation  of  the  detailed 
morphology  of  surfaces  in  the  numerical  treatment  of  the  electromagnetic  field  at  dielectric  interfaces  poses  a 
great  challenge  for  the  capability  of  existing  computational  methods.  This  is  probably  the  main  reason  behind  the 
fact  that  there  are  very  few  studies  that  consider  realistic  rough  surfaces  in  the  dielectric  modeling  of  particles  in 
spite  of  its  obvious  interest. 
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Methods 

In  order  to  investigate  the  dielectric  response  of  particles  with  complex  surface  structure,  we  have  applied  two 
approaches  with  complementary  characteristics.  They  consist  of  boundary  element  (BE)  formulations  that  give 
information  on  the  potential  and  charge  density  distributions.  For  the  sake  of  clarity,  a  brief  account  of  the  basis 
of  these  methods  is  given  below.  The  interested  reader  is  referred  to  publications  for  more  details. 


i)  BEM  for  the  quasi-static  potential 

This  method  is  based  on  the  following  integral  equation  [Poljak  and  Brebbia  2005] 

S;  +s , 


—  4>(r )  =  t|)o  (r)  +  (e;--Ey )  |  <Kr'> 


8G(r,r ') 
8n' 


dl' 


(1) 


where  <|>  is  the  electric  potential  at  a  point  of  a  dielectric  interface  between  media  of  complex  permittivities 
e.  and  s  ,  immersed  in  an  external  potential  (t>0  and  the  integral  extends  to  the  interface  contour.  G(r,r')  is  the 

Green’s  function,  defined  by  V2G  =  8(r,r') .  For  a  2D  problem,  G(r.r')  =  In  |r  -r'\ I2n  .  The  singularity  in  the 

integrand  when  r  =  r'  has  been  integrated  and  the  integral  in  the  r.h.s.  of  (1)  is  to  be  interpreted  in  the  sense  of 
Cauchy  principal  part.  The  formulation  can  be  easily  extended  to  the  case  of  several  dielectric  interfaces. 

The  problem  is  discretized  by  dividing  the  contour  into  N  sub-elements  of  length  A  and  equation  (1) 
correspondingly  converted  to  an  algebraic  equation.  The  coefficients  A:]  have  a  simple  analytical  expression, 

r  d  ,  ,  r  cos  0 

Au  =  I—  (In  | »— i-'  |)  =  I- - -dV  =  <p  (2) 

Adtl  A  I I 

where  tp  is  the  angle  subtended  by  the  element  j  from  the  center  of  the  element  i.  The  algebraic  system  of 
equations  for  the  potentials  at  the  A  points  on  the  contour  is  solved  by  a  triangulation  method. 


ii)  BEM  for  the  charge  density  on  the  interfaces 

For  certain  types  of  applications,  especially  those  related  to  ponderomotive  effects  produced  by 
electromagnetic  fields,  we  have  shown  that  a  BEM  formulation  based  on  the  charge  density  induced  by  the 
external  field  can  be  advantageous.  The  corresponding  integral  equation  is  in  that  case  [Sancho  et  al.  2003] 


si+Ej 


a(r)  =  fsj- Ey)<T° (r)  +  (£i~£j)J  a(-r"> 


,fG(r,r') 


dl' 


8n 


(3) 


where  air)  is  the  complex  charge  density  at  the  point  r  of  a  dielectric  interface  and  ct0  (r)  =  £  E°  (r) ,  E°  (r) 

0  ij  ij 

is  the  normal  component  of  the  electric  field,  pointing  from  medium  i  to  medium  j.  The  complex  character  of  the 
permittivity  of  each  medium,  depending  on  the  magnitudes  of  their  real  permittivity  and  conductivity,  gives  rise 
to  complex  charge  densities,  phase  shifted  with  respect  to  the  applied  field.  As  in  equation  (1),  the  integral  in  (2) 
is  interpreted  in  the  sense  of  the  Cauchy  principal  value. 


Results 

A  measure  of  the  response  of  a  dielectric  particle  to  an  external  electric  field  is  given  by  its  complex 
polarizability  a .  This  property  is  related  to  the  dipole  moment  induced  on  the  particle  by  means  of  the 
expression: 

peff  =  a  (to)  E  (4) 

where  pe^  is  the  effective  dipole  moment  of  the  particle,  E  =  E0e  is  the  external  electric  field  applied  and  co 

the  angular  frequency  of  the  field.  These  magnitudes  are  frequency  dependent,  so  they  are  complex  quantities.  In 
this  work  we  deal  with  the  response  of  a  particle  to  a  field  strength  of  lV/m  at  a  fixed  frequency  of  105  Hz,  in 
order  to  pay  attention  to  the  effects  of  surface  roughness,  a  question  hardly  taken  into  account  in  previous  studies 
about  dielectric  particles  under  electric  fields. 

The  polarizability  of  2D  circular  dielectric  objects  in  an  external  field  is  representative  of  very  long  dielectric 
circular  cylinders  with  the  electric  field  applied  perpendicularly  to  the  cylinder  axis. 

As  a  first  approach  to  this  problem,  we  have  investigated  how  the  polarizability  of  the  particle  is  dependent  on 
the  depth  of  a  sinusoidal  roughness  all  around  the  cylinder  surface.  We  have  first  considered  the  case  of  a 
lossless  particle  with  a  permittivity  e,  =10£0  immersed  in  the  vacuum.  As  indicated  in  the  cross  section  of  the 
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schematic  draw  in  Figure  1,  the  particle  is  characterized  by  a  radius  a  =  1  pm  and  a  roughness  extent  given  by 
the  parameter  h.  The  figure  also  shows  the  results  of  the  transverse  polarizability  of  the  cylindrical  particle  when 
two  different  numbers  of  undulations  are  considered.  We  can  observe  that  when  the  roughness  is  getting  smaller 
with  respect  to  the  radius,  the  results  are  becoming  similar  in  both  cases,  and  tend  to  the  value  for  a  circular 
particle. 


Figure  1 .  Transverse  polarizability  of  a  dielectric  circular  cylinder 
with  sinusoidal  surface  roughness.  Cylinder  permittivity  s  =10eo; 
Nl  is  the  number  of  undulations. 


For  the  sake  of  comparison,  we  have  analyzed  the  induced  superficial  charge  and  potential  over  both  a  soft 
and  a  rough  surface  of  the  particle.  The  results  are  given  in  Figure  2(a)  and  (b),  respectively. 


Figure  2.  Induced  surface  charge  (a)  and  induced  potential  (b)  along  the  surface  points  by  an  electric  field  of 
lV/m  on  both  soft  and  rough  dielectric  surfaces;  the  number  of  undulations  is  NL=  10,  the  total  number  of  points 
N  =  1000  and  the  ratio  a/h  =  20. 

The  next  step  for  the  2D  analysis  of  the  roughness  surface  effects  consists  on  the  study  of  the  polarizability  of 
a  layered  particle,  as  a  typical  biological  cell.  The  cell  has  been  modeled  as  a  particle  of  1  pm  of  radius 
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surrounded  by  an  undulating  shell  -the  membrane-  with  10  nrn  of  thickness.  This  characterization  of  the  cell 
membrane  as  a  roughness  surface  is  a  first  improvement  in  the  approach  to  the  reality  of  the  complex  cell 
envelope.  The  cell  is  considered  immersed  in  an  external  continuous  medium  formed  by  electrolytes  in  free 
water  with  the  dielectric  properties  of  physiological  saline.  All  the  results  presented  in  this  work  have  been 
obtained  by  using  typical  values  for  the  electric  properties  of  the  internal  layer,  membrane  and  external  medium. 
These  values  are  based  on  interpolations  of  impedance  measurements  on  tissues  and  theoretical  calculations 
[Gabriel  et  al.  1996].  Table  1  shows  the  electrical  parameters  for  the  non  conductive  membrane  and  the  highly 
polarizable  internal  layer  considered  for  the  cell  as  well  as  those  for  the  external  medium.  In  Figure  3  the 
obtained  polarizability  of  a  particle  as  a  function  of  the  roughness  relative  height,  a/h ,  is  shown. 


Layer 

Parameter 

Value 

Internal  Layer 

e 

50 

CT 

0.5 

Membrane 

Uniform  shell  d  =  10  nrn 

e 

10 

CT 

lxl0'b 

External  Medium 

e 

80 

CT 

1.5xl0"3 

Table  1.  Electrical  parameters  for  the  different  layers  of  the  cell  model:  relative  permittivity  s  and  conductivity  a 
(S  m  ;  ). 


Figure  3.  Variation  of  the  polarizability  of  a  shelled  particle  with  sinusoidal  undulated  membrane  as  a  function  of 
a/h;  the  number  of  undulations  is  Ni  =  80. 

Further  improvement  in  the  approach  to  the  real,  highly  irregular  surface  of  a  cell  with  different  protrusions 
and  microvilli,  has  been  realized  by  means  of  a  different  morphology  based  on  fractal  surfaces.  The  fractal 
description  provides  a  very  general,  scale-invariant,  characterization  of  the  electrical  response  of  a  biological 
membrane.  It  has  been  applied  to  the  analysis  of  impedance  measurements  of  human  lymphocytes  by  Bordi  et  al. 
[1990].  A  fractal  surface  topography  can  be  generated  using  a  modified  (truncated)  Weierstrass-Mandelbrot 
function  that  can  be  written  as  [Yan  and  Komvopoulus  1998] 


f(r)~  ^  b  n{'’  D)[l-kcos(h"r  +  tp)] 


(5) 


In  this  equation  fir)  is  the  rough  profile,  h  is  a  frequency  multiplier  factor  (with  a  typical  value  between  1.1  and 
3),  tp  is  a  randomly  generated  phase,  D  is  the  fractal  dimension  (it  has  a  non  integer  value  between  1  and  2),  and 
k  is  a  form  factor  used  to  modify  the  profile. 
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The  dielectric  response  of  a  cell  with  fractal  surface  has  been  analyzed  using  the  BEM  for  surface  charge. 
Average  results,  obtained  using  five  different  random  phases,  for  typical  membrane  topography  are  shown  in 
figure  4. Variable  h  is  the  square  mean  value  of  the  roughness  height. 


a/h 


Figure  4.  Variation  of  the  polarizability  of  a  shelled  particle  with  a  fractal  membrane  of  fractal  dimension  D  = 
1.5  as  a  function  of  a/h.  Form  factor  k  =  1.9. 

Discussion  and  Summary 

We  have  analyzed  the  electrical  response  of  plain  and  coated  particles  characterized  by  a  rough  surface  using  a 
superficial  2D  model.  Sinusoidal  and  fractal  surfaces  have  been  generated  and  their  electrical  characteristics 
have  been  studied  using  BE  methods.  We  have  found  that  both  the  potential  and  the  induced  charge  experience 
changes  following  the  surface  topography.  As  a  consequence,  the  polarizability  is  in  general  markedly  enhanced 
as  the  roughness  height  increases.  The  trends  for  sinusoidal  and  fractal  topography  are  similar,  except  in  the 
region  of  intermediate  roughness  height,  where  the  polarizability  for  the  sinusoidal  case  is  lower,  probably  due  to 
correlations  in  the  induced  charges  on  neighbor  undulations.  Although  the  results  have  been  obtained  for  2D 
models,  similar  conclusions  can  be  expected  for  globular  cells  such  as  lymphocytes  or  spiculated  red  blood  cells. 
In  fact,  it  has  commonly  been  obtained  that  the  specific  capacitance  of  these  cells  derived  from  electrorotation 
(ER)  data,  is  greater  than  the  typical  cell  membrane  value  of  1  mF/m2.  Work  on  full  3D  models  that  allows  to 
interpret  these  ER  studies  is  in  progress. 
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Abstract 

The  therapeutic  application  of  weak  electromagnetic  fields  (EMF)  is  often  targeted  at  improving  circulation  or 
alleviating  pain.  This  double-blind,  cross-over  study  was  aimed  at  quantifying  the  effects  of  acute  exposure  to  a 
weak  EMF  in  healthy  volunteers. 

20  healthy  volunteers  participated  in  the  experiment  in  two  sessions  (at  one  week  interval).  Two  coils,  4  cm  in 
diameter,  where  placed  laterally  on  both  ankles  (device  manufacturer  Actera  A/S,  Denmark).  The  frequency  was 
800  Hz  (monopolar,  triangular  waveform).  The  flux  density  ranged  from  0.2  mT,  at  the  center  between  the  coils, 
to  6  mT  directly  underneath  the  coils  (RMS  values).  There  were  three  placebo  devices  and  one  active  device. 
The  subjects  were  treated  with  two  devices  (one  at  each  ankle)  in  each  session,  and  the  order  and  position  of  the 
devices  was  randomised.  Pain  thresholds  to  pressure  were  determined  before  and  after  30  minutes  exposure. 
Cutaneous  microcirculation  was  monitored  with  thermography  and  laser-Doppler-flowmetry. 

The  repeated  measures  ANOVA  test  showed  no  effect  of  the  device  treatment  factor  for  either  pain  thresholds  or 
cutaneous  microcirculation. 

This  study  demonstrates  that,  in  healthy  volunteers,  acute  exposure  to  a  weak  (below  6  mT),  800  Hz  magnetic 
field  has  no  effect  on  cutaneous  microcirculation  or  pressure  pain  thresholds. 


Introduction 

The  therapeutic  application  of  magnetic  or  electromagnetic  fields  is  gaining  in  popularity  and  the  range  of 
treated  ailments  is  increasing  (Shupak  et  ah,  2003).  By  the  year  2004,  more  than  2  million  patients  had  been 
treated  worldwide  for  a  large  variety  of  injuries,  pathologies  and  diseases,  with  an  80%  success  rate  and 
practically  absent  side  effects  (Markov,  2004).  Despite  this  high  success  rate,  electromagnetic  therapy  is  still  not 
fully  accepted  as  standard  clinical  practice.  This  is  partly  because  some  of  the  clinical  trials  are  based  on  small 
sample  sizes  or  have  methodological  shortcomings  (Podd  et  ah,  1998;  Cullum  et  ah,  2001),  and  partly  because 
there  is  no  consensus  as  to  which  biophysical  or  biochemical  mechanisms  are  involved  (Polk  et  ah,  1996; 
Stavroulakis,  2003;  Swanson  et  ah,  2006).  It  has  been  shown  theoretically  and  experimentally  that  strong 
magnetic  fields  (over  about  1.5  T)  can  have  direct  cardiovascular  effects  in  humans  (Jauchem,  1997).  For 
magnetohydrodynamic  interactions,  even  stronger  fields  are  required,  about  5  to  10  T  (Kinouchi  et  ah,  1996). 
Exposure  to  an  electromagnetic  field,  that  induces  currents  in  the  body  that  are  about  25  to  40  times  stronger 
than  those  used  in  the  present  study,  evokes  a  pain  sensation  with  muscle  contraction,  accompanied  by  a 
reduction  in  skin  blood  flow  in  the  fingertips  (Ueno  et  ah,  1986). 

The  beneficial  effects  of  electromagnetic  therapy  are  often  explained  by  improving  blood  circulation,  thereby 
reducing  pain  and  inflammation,  and  enhancing  soft  tissue  repair  (McMeeken,  1992).  This  study  seeks  to 
quantify,  in  healthy  volunteers,  the  acute  effects  of  a  weak  (below  6  mT)  magnetic  field. 

Methods 

Study  Design.  The  study  was  performed  as  a  double-blind,  randomised,  placebo  controlled  trial  with  cross¬ 
over.  The  experiment  had  been  approved  by  the  local  ethics  committee  “Den  Videnskabsetiske  Komite  for 
Viborg  og  Nordjyllands  Amter”,  case  number  VN  2005/62. 
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Fig.  1  Examples  of  pictures  as  recorded  with  thermography,  a),  and  laser-Doppler-flowmetry,  b).  The 
corners  of  a  4x4  cm  square  were  marked  with  a  silver  pen,  visible  on  both  pictures.  Mean  values  of 
temperature  and  blood  perfusion  over  this  area  were  calculated  and  stored  for  analysis.  The  cork  shield,  used 
for  covering  the  coils,  is  visible  on  the  left  side  of  a). 


Subjects.  20  healthy  volunteers  (14  male,  6  female)  were  recruited  through  on-campus  advertisements.  The 
mean  age  was  24  years  (range  22-30  years),  mean  BMI  was  22.2  ±  2.9  kg/m2.  Subjects  were  only  admitted  to  the 
experiment  if  they  were  healthy,  not  pregnant,  and  not  taking  any  form  of  medication.  None  of  the  participants 
had  tried  any  form  of  magnetic  or  electromagnetic  therapy  before.  None  of  the  participants  were  heavy  smokers 
or  had  excessive  use  of  tea/coffe/alcohol.  The  subjects  were  instructed  not  to  drink  tea/coffee/alcohol,  nor  to 
smoke,  for  a  period  of  2  hours  prior  to  the  experiment.  All  subjects  gave  signed  written  informed  consent  before 
conducting  the  study.  All  subjects  received  a  compensation  (600  DKK)  for  their  participation  in  the  experiment. 

Magnetic  Field  Exposure  Condition.  The  devices  used  for  this  study  were  Actera  ELMS-3  stimulators  (Actera 
A/S,  Aalborg,  Denmark).  These  devices  consist  of  two  applicator  coils,  approximately  4  cm  in  diameter,  and  a 
control  unit.  The  positions  “high”  intensity,  800  Hz  frequency,  and  30  min  duration  were  chosen,  resulting  in  a 
non-uniform  magnetic  field  with  flux  densities  ranging  from  0.2  mT,  at  the  centre  between  the  coils,  to  6  mT 
directly  underneath  the  coils  (RMS  values).  The  produced  magnetic  field  was  monopolar  (about  20%  static 
offset)  and  had  an  asymmetric,  saw-tooth  like  waveform  repeated  at  800  Hz  (duty  cycle  100%).  There  was  one 
active  device  and  three  placebo  devices,  with  labels  A-D.  The  placebo  devices  looked  and  behaved  exactly  like 
the  active  device,  but  did  not  produce  any  magnetic  field.  It  was  not  possible  to  see,  hear,  feel,  or  sense  in  any 
other  way  which  of  the  devices  was  active  or  placebo.  The  devices  were  provided  by  Actera  A/S,  and  only  their 
Chief  Technology  Officer  knew  which  of  the  devices  the  active  one  was.  The  blinding  was  maintained  until  after 
the  experiment  had  been  concluded  and  the  statistical  analyses  had  been  completed. 

Assessment  of  Blood  Flow.  Skin  temperature  and  cutaneous  microcirculation  were  measured  with 
thermography  (Thermovision,  Scanner  900  SW-TE,  AGEMA  Infrared  System,  Sweden)  and  laser-Doppler- 
flowmetry  (LDI,  Moor  Instruments,  Devon,  UK),  respectively,  on  a  predefined  area  (4x4  cm),  proximal  and 
centred  to  the  base  of  the  middle  toe.  The  thermography  camera  records  the  infrared  emission  of  the  skin  as  a 
measure  of  the  skin  temperature,  which  is  affected  by  both  cutaneous  and  deeper  lying  (muscular)  structures  as  a 
result  of  blood  perfusion  and  metabolic  processes.  A  temperature-coded  colour  picture  of  the  foot  was  taken,  and 
the  mean  temperature  over  the  predefined  area  was  calculated  and  stored.  Cork  shields  were  used  to  cover  the 
magnetic  coils  when  taking  the  thermographic  pictures,  because  the  electrical  current  flowing  through  the  active 
device  slightly  heats  up  the  coils  (by  about  2°C  after  30  minutes),  which  could  not  be  felt  by  the  subjects  but 
might  have  unveiled  the  active  device  on  the  thermographic  pictures.  Laser-Doppler-flowmetry  uses  a  low  power 
laser  beam  to  scan  the  skin  in  a  raster  pattern.  Moving  blood  in  the  microvasculature  causes  a  Doppler  shift  in 
the  laser  beam,  which  is  processed  to  build  up  a  colour  coded  image  of  blood  flow  in  relative  perfusion  units 
(PU).  Laser-Doppler-flowmetry  measures  the  cutaneous  microcirculation  in  the  superficial  layers  of  the  skin 
within  a  depth  of  a  few  hundred  of  microns,  as  a  product  of  number  and  velocity  of  the  erythrocytes.  The  mean 
perfusion  value  over  the  predefined  area  was  calculated  and  stored.  Both  measurements  were  non-contact  at 
about  40  cm  distance.  In  Fig.  1,  examples  of  pictures  as  recorded  with  thermography  and  laser-Doppler- 
flowmetry  are  shown. 

Assessment  of  Pressure  Pain  Threshold  (PPT).  PPT  measurements  were  performed  with  a  hand-held 
electronic  algometer  (Somedic  AB,  Stockholm,  Sweden)  mounted  with  a  1-cm  diameter  circular  rubber  probe 
calibrated  in  kilopascals.  To  assess  the  PPT,  the  probe  was  held  perpendicularly  and  pressure  increased  at  a 
constant  rate  of  30  kPa/s.  The  PPT,  defined  as  the  value  where  the  subject  felt  the  first  change  from  pressure 
sensation  to  pain,  was  recorded.  When  PPT  was  reached  the  volunteers  were  instructed  to  press  a  button  that 
froze  the  actual  pressure  on  a  digital  display.  The  median  of  three  measurements  on  each  point  was  recorded  as 
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a)  Temperature,  C 


b)  Rel.  Perfusion,  arbit.  units 


Fig.  2  Profiles  of  skin  temperature  and  blood  perfusion  in  the  dorsum  of  the  foot,  at  baseline 
(0  min),  10  and  20  min  after  start  of  stimulation,  at  the  end  of  stimulation  (30  min),  and  10  minutes 
post-stimulation  (40  min).  Values  are  means  +  standard  deviation  (n  =  20). 


threshold  value.  PPT  values  were  measured  on  the  top  of  both  feet  (mostly  skin  and  bone)  and  on  the  centres  of 
the  tibialis  anterior  muscles. 

Assessment  of  Vaso-Motoric  Reaction  to  Mild  Heat.  A  small  (approximately  1  cm2)  metal  plate  was  heated  up 
to  41°C  (computer-controlled)  and  was  applied  to  the  skin  for  30  seconds,  4  cm  medial  to  the  centre  of  the  tibia. 
Cutaneous  microcirculation  was  measured  in  a  predefined  area  (4x4  cm)  around  the  heat  stimulation  site,  both 
before  and  after  the  heat  impulse,  with  thermography  and  laser-Doppler-flowmetry  (see  above).  The  heat 
impulse  resulted  in  vasodilatation  in  the  superficial  layers  of  the  skin,  increasing  the  blood  perfusion.  The 
increase  of  the  mean  temperature  and  flux  profiles  due  to  the  heat  impulse  was  recorded  (difference  post-pre 
impulse). 

Experimental  Procedures.  Each  subject  participated  in  two  sessions  with  one  week  interval  (on  the  same  time 
of  the  day).  In  each  session,  the  subjects  received  stimulation  (active  and/or  placebo)  from  two  devices,  one  for 
each  ankle.  The  order  and  position  of  the  four  devices  was  randomised  according  to  a  random  permutation  table, 
prepared  with  a  computer  programme  (MATLAB  7,  The  MathWorks  Inc.,  Natick,  MA,  USA).  The  room 
temperature  in  the  laboratory  ranged  from  21  to  23°C,  and  all  experiments  were  performed  under  normal 
illumination  conditions  (fluorescent  light).  The  subjects  were  in  supine  position,  with  bare  legs  and  feet, 
throughout  the  experiment.  The  vaso-motoric  reaction  to  mild  heat  was  measured  on  the  right  and  left  leg, 
followed  by  determination  of  the  PPT  on  right  foot,  right  leg,  left  foot,  and  left  leg.  After  a  10  minute  rest  period, 
the  coils  were  placed  laterally  on  both  ankles,  and  baseline  values  for  the  blood  flow  (temperature  and  blood 
perfusion)  in  the  right  and  left  foot  were  determined.  Then,  the  electromagnetic  therapy  devices  were  switched 
on.  After  10,  20,  30  (end  of  stimulation),  and  40  minutes  (10  minutes  post-exposure),  temperature  and  blood 
perfusion  were  measured  in  the  right  and  left  foot.  Finally,  vaso-motoric  reaction  to  mild  heat  and  PPT  were 
determined  as  mentioned  before.  One  experimental  session  lasted  in  total  between  1.5  to  2  hours. 

Statistical  analysis.  The  results  were  expressed  as  means  and  standard  deviation  (means  ±  SD)  in  the  text  and 
figures.  The  statistical  procedures  performed,  for  the  analysis  of  the  blood  flow,  were  multivariate  (skin 
temperature  and  blood  perfusion)  repeated  measures  ANOVA,  with  within-subject  factors  “device”  (4  levels) 
and  “time”  (5  levels).  For  the  analysis  of  PPT  values  and  vaso-motoric  reaction  to  mild  heat,  multivariate  (foot 
PPT,  leg  PPT,  increase  in  skin  temperature,  and  increase  in  blood  perfusion)  repeated  measures  ANOVA  was 
applied,  with  within-subject  factors  “device”  (4  levels)  and  “time”  (2  levels). 

The  software  used  for  the  statistical  analysis  was  SPSS  14.0  (SPSS  Inc.,  Chicago,  IL,  USA).  A  value  of  P  <  0.05 
was  considered  as  significant. 


Results  and  Discussion 

There  were  no  drop-outs  in  this  study,  and  complete  measurement  sets  were  obtained  for  all  20  subjects.  No  side 
effects  were  observed  in  this  study.  None  of  the  participants  felt  any  discomfort,  paresthesia,  or  pain  during  or 
after  the  magnetic  field  exposure.  Only  three  participants  felt  warmth  in  one  of  the  legs  after  the  exposure,  but 
the  indicated  leg  was  receiving  placebo  stimulation  in  all  three  cases.  None  of  the  participants  guessed  the  active 


1171 


V.  SCHNABEL  AND  L.  ARENDT-NIELSEN 


a)  Pain  Threshold  Foot,  kPa 


b)  Pain  Threshold  Leg,  kPa 
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Fig.  3  Profiles  of  pain  thresholds:  on  dorsum  of  foot,  a),  and  on  the  centre  of  the  tibialis  anterior  muscle,  b). 
Profiles  of  vaso-motoric  reaction  to  mild  heat:  temperature  and  blood  perfusion  increase  caused  by  a  41°C  heat 
impulse,  c)  and  d).  Measurements  were  done  15  minutes  before  and  15  minutes  after  magnetic  field  exposure. 
Values  are  means  +  standard  deviation  (n  =  20). 


device  correctly  (only  three  of  the  participants  tried  to  identify  the  active  device).  A  few  of  the  participants 
became  sleepy,  and  four  of  them  fell  asleep  during  the  experiment. 

Skin  Temperature  and  Blood  Microcirculation  (Fig.  2).  At  baseline,  the  mean  value  (averaged  over  all  four 
devices  and  all  20  subjects)  of  the  foot  temperature  was  29.6  +  2.3°C  (mean  +  SD,  n  =  80),  and  the  mean  value 
of  the  foot  blood  perfusion  was  84.3  +  26.6  arbitrary  units.  At  the  end  of  the  experiment,  the  mean  values 
decreased  to  28.3  +  2.6°C  and  73.4  +  22.4,  respectively.  Profiles  of  the  mean  values  for  the  four  devices  at  each 
time  point  are  shown  in  Fig.  2.  The  multivariate  (dependent  variables  temperature  and  blood  perfusion)  within- 
subject  repeated  measures  (factors  time  and  device)  ANOVA  test  showed  a  statistically  significant  effect  for  the 
time  factor  (p  <  10"8;  partial  r\2  =  0.36),  but  failed  to  reach  statistical  significance  for  the  device  factor  (p  =  0.40; 
partial  r|2  =  0.053;  observed  power  =  0.40)  and  the  timexdevice  interaction  (p  =  0.44;  partial  q2  =  0.05 1 ; 
observed  power  =  0.82).  The  univariate  tests  confirmed  the  statistically  significant  effect  (p  <  0.001)  of  the  time 
factor  on  both  dependent  variables,  temperature  (partial  q2  =  0.56)  and  blood  perfusion  (partial  q2  =  0.36). 

Pain  Thresholds  and  Reaction  to  Mild  Heat  (Fig.  3).  Before  magnetic  field  exposure,  the  mean  value 
(averaged  over  all  four  devices  and  all  20  subjects)  of  the  pain  threshold  in  the  foot  was  342  +  112  kPa  (mean  + 
SD,  n  =  80),  mean  pain  thresholds  in  the  leg  was  332  +  124  kPa,  mean  temperature  increase  due  to  mild  heat 
stimulation  was  0.80  +  0.35°C,  and  mean  blood  perfusion  increase  due  to  mild  heat  stimulation  was 
14.25  +  20.74  arbitrary  units.  The  post-exposure  values  of  the  means  were  342  +  126  kPa,  327  +  135  kPa, 
0.86  +  0.38°C,  and  19.24  +  17.57  arbitrary  units,  respectively.  The  corresponding  mean  values  for  the  four 
devices  are  shown  in  Fig.  3.  The  multivariate  (dependent  variables  foot  PPT,  leg  PPT,  temperature  increase,  and 
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increase  in  blood  perfusion)  within-subject  repeated  measures  (factors  time  and  device)  ANOVA  test  did  not 
reach  statistical  significance,  neither  for  the  factors  time  (p  =  0.22;  partial  i]2  =  0.29;  observed  power  =  0.39)  or 
device  (p  =  0.30;  partial  t]2  =  0.08;  observed  power  =  0.66),  nor  for  the  timexdevice  interaction  (p  =  0.89;  partial 
r|2  =  0.04;  observed  power  =  0.30). 

Unblinding.  Device  A  was  the  active  device. 

Discussion.  The  only  statistically  significant  effect  in  this  study  was  observed  for  the  time  factor.  This  means, 
that  over  time  both  the  temperature  and  the  blood  perfusion  changed.  Since  the  subjects  were  in  a  passive  supine 
position  for  40  minutes  with  bare  legs  and  feet,  it  was  expected  that  the  temperature  would  decrease  over  time. 
The  results  show  that  this  was  indeed  what  happened  (see  Fig.  2).  This  is  consistent  with  other  studies 
(Schuhfried  et  al.,  2005).  There  are  other  forms  of  application  of  electromagnetic  fields  where  either  the  intensity 
or  the  frequency  is  high  enough  to  heat  body  tissue  due  to  eddy  currents  (Ueno  et  al.,  1986;  Alekseev  et  al., 
2005).  But  the  magnetic  field  used  in  the  present  study  is  too  weak  to  evoke  eddy  currents  in  the  body  of  the 
required  amplitude.  Direct  heating  of  the  skin  with  the  magnetic  field  device  might  also  occur  due  to  ohmic 
heating  of  the  applicator  coils  (McMeeken,  1992).  McMeeken  (1992)  observed  a  temperature  increase  of  the 
applicator  coil  of  3.7°C  after  15  minutes  of  operation,  which  led  to  a  temperature  increase  of  0.5°C  in  the  skin 
underneath  the  applicator  (due  to  infrared  radiation),  without  affecting  the  blood  flow.  In  the  present  study,  we 
observed  a  temperature  increase  of  the  applicator  of  2°C  after  30  minutes  of  operation. 

There  was  no  statistically  significant  effect  of  the  device  factor  in  the  present  study.  If  there  were  an  effect  of  the 
device  factor,  then  baseline  values  would  have  to  be  different  for  the  different  devices  (different  intercepts  in 
Fig.  2  and  3).  However,  this  is  not  a  reasonable  assumption. 

It  would  be  reasonable  to  assume  different  slopes  of  the  profiles,  e.g.  if  the  leg  treated  with  the  active  device 
cooled  less  than  the  leg  treated  with  the  placebo  device.  This  is  tested  by  the  timexdevice  interaction,  which  did 
not  reach  statistical  significance.  The  observed  power  of  this  test  was  82%.  Therefore  it  is  concluded  that  a 
magnetic  field  (only  present  in  the  active  device)  of  strength  and  frequency  as  used  in  the  present  study  does  not 
change  temperature  and  blood  flow  in  healthy  volunteers.  This  is  consistent  with  other  studies  (McMeeken, 
1992;  Schuhfried  et  al.,  2005;  Wenzel  et  al.,  2005). 

Summary 

This  study  shows  that,  in  healthy  volunteers,  acute  exposure  to  a  weak  (below  6mT)  magnetic  field  with  a 
specific  waveform,  repeated  at  800  Hz,  does  not  change  skin  blood  flow  and  temperature,  nor  pressure  pain 
thresholds. 

Acute  exposure  of  healthy  volunteers  was  chosen  in  this  study  in  order  to  detect  (and  quantify)  a  possible  basic, 
direct  effect  of  magnetic  fields.  Prolonged  or  repeated  exposure  might  show  different  effects.  Patients  receiving 
the  magnetic  field  stimulation  might  show  different  effects,  because  the  biological  response  to  electromagnetic 
field  exposure  depends  on  the  state  of  the  biological  target  tissue  (Mayrovitz  et  al.,  2001).  It  was  shown  that 
patients  react  differently  than  healthy  people  to  electromagnetic  therapy  (Giordano  et  al.,  2000). 

The  results  of  the  present  study  do  not  allow  drawing  conclusions  about  the  possible  effects  of  electromagnetic 
therapy  in  patients.  Therefore,  this  study  can  not  answer  the  question  whether  enhanced  microcirculation  might 
or  might  not  be  an  effect  of  electromagnetic  therapy  in  patients.  However,  this  study  shows  that  there  is  no  direct 
(acute)  effect  of  exposure  to  a  magnetic  field,  of  strength  and  frequency  as  used  in  this  study,  on 
microcirculation  in  healthy  subjects. 
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Abstract 

The  level  of  serum  alkaline  phosphatase(alp),as  a  a  possible  promoter  of  bone  or  tumor  disease  was  studied  in  80 
rats  exposed  to  microwave  radiation(2450  mh  with  power  density  of  1  and  10mw/cm2),  for  a  period  of  one  year. 

The  animals  were  devided  to  5  groups  of  16  each(8males  and  8  females),  4  for  treatment  and  one  for  control  group. 
First  two  treated  groups  were  exposed  to  microwave  radiation  at  power  density  of  lmw/cm2  in  different  period  (30 
minutes  for  one  group  and  5  minutes  for  another  one),  daily.  Next  two  treated  groups  were  exposed  to  microwave 
radiation  at  power  density  of  10  mw/cm2  in  different  period  (30  minutes  for  one  and  5  minutes  for  another  group), 
daily.  Control  group  were  kept  under  the  normal  condition  without  any  microwave  exposure. 

Animals  were  observed  daily  and  body  weight  and  food  and  water  consumption  was  assessed  weekly  too. 

In  the  end  of  study  the  blood  sample  were  taken  from  the  heart  of  animals  under  ether  anesthesia  and  alp  analysis 
was  performed  on  blood  serum  of  animals. 

According  to  the  test  result  and  statistical  analysis  the  level  of  alp  in  groups  exposed  To  microwave  radiation  at 
power  density  of  10  mw/cm2  was  significantly  increased  (p<0/011),  but  in  other  treated  groups, the  statistical  resuts 
has  not  been  significant  in  comparison  with  control  group. 


Introduction  : 

Alkaline  phosphatase  is  a  group  of  enzymes  found  primarily  in  the  liver  and  in  bone. It  also  is  produced  by  the 
placenta  and  to  a  lesser  extent  by  the  intestines  and  kidney. 

In  this  study,  the  gole  of  measuring  alkaline  phosphatase  is  to  check  the  possibility  of  bone  or  liver  disease  in  rat 
after  a  period  of  one  year  exposure  to  2450  mh  microwave  radiation  at  incident  power  densities  of  land  10  mw/cm2 
for  5  and  30  minutes  daily. 
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Method  of  study  : 

Animals 

80  sprague  Dawley  rats  with  5  week  age  were  used  in  this  investigation  for  a  period  of  one  year.  The  animals  were 
housed  individually  in  polycarbonate  cages  under  standard  conditions  with  free  access  to  tap  water  and  standard 
food  (1,2, 3,' 4, 5).  the  rats  were  devided  to  5  group  ,  each  containing  16  rats  (8  male  and  8  females) ,  as  follows  : 
Group  D  and  E  :  exposed  to  microwave  radiation  with  power  density  of  1  mw/cm2  for  30  minutes  daily  for  group  D 
and  5  minutes  daily  for  group  E  . 

Group  F  and  G  :  exposed  to  microwave  radiation  with  power  density  of  10  mw/cm2  for  30  minutes  daily  for  group 
F  and  5  minutes  daily  for  group  G  . 

Group  H  :  as  a  control  group  were  kept  under  the  same  condition  without  any  microwave  exposure  . 


Records  and  Control : 

The  rats  were  weighed  before  experiment  and  weekly  and  recorded.  Any  clinical  abnormality  were  noted  and 
recorded  . 

Food  and  water  consumption  were  controlled  weekly  too  . 


Method  of  ALP  Measurment : 

In  the  and  of  study  the  blood  sample  were  taken  from  the  heart  of  animals  after  12  howrs  fasting  under  ether 
anesthesia . 

The  level  of  alp  was  measured  by  enzymatic  method,  the  enzyme  splits  off  the  phosphate  group  from  4-NPP  to 
form  free  4-mitrophenol.  Thus  the  rate  of  formation  of  4-NP  by  the  action  of  the  enzyme  on  4-NPP  at  37oC  can  be 
monitored  with  a  recording  spectrophotometer(6,7,8): 

4-nitrophenylphosphate+h2o — ALP - A-phosphate+4-nithrophenol 

Statistical  analysis  : 

Statistical  evaluation  of  data  for  comparison  of  treated  and  control  group  were  made  by  using  one  way  analysis  of 
variance  (anova)  technique  ,  followed  by  a  multiple  comparison  ,  the  one  way  anova  was  applied  using  the  F 
distribution  to  assess  significance  at  the  level  of  0/05 

Results  and  discussion  : 

Clinical  observation  :there  was  one  death  related  to  group  E. 

Body  weight  and  food  and  water  consumption  :  according  to  the  results  ,  the  percentage  of  body  weight 
and  food  consumption  was  reduced  in  treated  groups  in  comparison  with  control(9),  but  the  percentage  of  water 
intake  was  increased  in  treated  groups  especially  in  group  F  in  comparison  with  control. 


Serum  ALP  Level  : 

As  illustrated  in  fig  1-3  ,  the  level  of  ALP  in  group  male  of  G  and  mixed  group  male  and  female  of  G  that  were 
exposed  to  microwave  radiation  at  power  density  of  10  mw/cm2  for  5  minutes  daily  was  significantly  increased  (P  < 
0/01) ,  but  as  statistical  analysis  is  showed  in  table  1-3  increasing  of  ALP  in  other  treated  groups  was  not  significant 
in  the  level  of  0/05  ,  in  which  microwave  exposure  at  10  mw/cm2  is  suspected  as  a  possible  promoter  of  bone  or 
tumor  disease  that  should  be  considered  (6,10,1 1,12) 
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Table  1-  Comparison  of  Statistical  analysis  of  ALP  in  treated  female  groups  with  control 

group 


Dependent 

Variable  (I)  V14  (J)  V14 

Mean 

Difference 

(I-J) 

Std.  Error 

Sig. 

95%  Confidence  Interval 

Lower 

Bound 

Upper 

Bound 

ALP  H  D 

-75.13 

41.41 

075 

-158.08 

7.83 

E 

13.50 

41.41 

.746 

-69.45 

96.45 

F 

19.50 

41.41 

.640 

-63.45 

102.45 

G 

-70.25* 

41.41 

095 

-153.20 

12.70 

*.  The  mean  difference  is  significant  at  the  05  level . 


Table  2-  Comparison  of  Statistical  analysis  of  ALP  in  treated  male  groups  with  control 

group 


(I)  V14  (J)  V14 

Dependent 

Variable 

Mean 

Difference 

(I-J) 

Std.  Error 

Sig. 

95%  Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

D 

-17.00 

53.55 

.752 

-124.28 

90.28 

E 

18.13 

53.55 

.736 

-89.15 

125.40 

ALP  H 

F 

5.38 

53.55 

.920 

-101.90 

112.65 

G 

-141.38* 

53.55 

Oil 

-248.65 

-34.10 

*.  The  mean  difference  is  significant  at  the  05  level . 


Table  3-  Comparison  of  Statistical  analysis  of  ALP  in  treated  both  male  and  female  groups 

with  control  group 


Dependent 

/  .  (I)  V14  (J)  V14 

Variable 

Mean 

Difference 

(I-J) 

Std. 

Error 

Sig. 

95%  Confidence  Interval 

Lower  Bound 

Upper 

Bound 

D 

-46.06 

41.12 

.265 

-127.49 

35.36 

E 

15.81 

41.12 

.701 

-65.61 

97.24 

ALP  H 

F 

12.44 

41.12 

.763 

-68.99 

93.86 

G 

- 105.81 * 

41.12 

Oil 

-187.24 

-24.39 

*  The  mean  difference  is  significant  at  the  05  level . 
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Summary  : 

In  conclusion  ,  the  results  shown  here  confirm  that  ,  the  level  of  ALP  was  increased  in  serum  of  rats  exposed  to 
microwave  radiation  at  power  density  of  10  mw/cm2  is  suspected  as  a  possible  promoter  of  bone  or  tumor 
disease  ,  that  should  be  considered,  our  data  also  indicate  that  the  measure  of  ALP  in  other  treated  groups  has  not 
been  significantly  increased  in  the  level  of  0/05  in  comparison  with  control  group  . 
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Abstract 

80  sprague  Dawley  rats  were  exposed  to  2450  mhz  microwave  field  for  a  period  of  one  year.  The 
experiment  groups  were  devided  to  5  groups, each  16(8  males  and  8  female),  4  for  treatment, and 
one.for  control(D,E,F,G,H). 

The  incident  power  density  of  the  first  two  experiment  groups  was  lmw/cm2,and,  for  next  two 
grours,was  10mw/cm2.The  daily  exposure  time,was5  minutes  for  groups  F  and  G.and  30  minutes 
for  groups.D  and  F.  The  animals  in  control  group(H)  were  under  normal  condition  without  any 
microwave  exposure. 

In  the  end  of  the  study  the  blood  samples  were  taken  from  the  heart  of  animals  under  ether 
anesthesia.and  determination  of  blood  parameters  were  performed  by  cell  counter  auto  analyser. 
Accrrding  to  the  statistical  results  the  level  of  RBC  in  male  groups  of  F  and  G.and  percentage  of 
PCVin  female  and  male  groups  of  F,and  content  of  HB.in  female  groups  of  F,in  comparison  with 
control  group  were  significantly  increased  and  variation  of  results  in  other  groups  were  not 
significant. 


Introduction  : 

The  aim  of  this  study  was  to  investigate  and  check  the  possibility  altration  of  some  blood 
parameters  in  rats  after  a  period  of  one  year  exposure  to  2450  Mh  microwave  radiation  at  power 
density  of  1  and  10  mw/cm2  for  5  and  30  minutes  daily  and  also  to  compare  the  treated  groups 
with  that  of  control  group  . 

Method  of  study : 

Animals 

80  sprague  dawley  (SD)  rats  with  5  weeks  age  were  used  this  study  for  a  period  of  one  year.  The 
animals  were  housed  individually  in  polycarbonate  cages  under  standard  condition  with  free 
access  to  tap  water  and  standard  food  (1,2, 3,4,5). the  rats  were  devided  into  5  groups  (4  treated 
and  1  control)  of  eight  male  and  eight  female  rats  each  .Two  first  experimental  groups  were 
exposed  to  2450  mh  microwave  radiation  with  field  powers  density  of  1  mw/cm2  for  30  minutes 
daily  for  group  (D)  and  5  minutes  daily  for  group  (E)  . 

Next  two  treated  groups  were  exposed  to  2450  mh  microwave  radiation  with  filed  power  density 
of  10  mw/cm2  for  30  minutes  for  group  (F)  and  5  minutes  for  groups  (G)  daily. Control  group(H) 
were  under  normal  condition  without  any  microwave  radiation  exposure. 

Records  and  control : 

The  animals  were  weighed  before  experiment  and  weekly  and  recorded  . 

Any  clinical  abnormality  were  cared  and  recorded.  Food  and  water  consumption  were  also  weekly 
controlled  . 


1180 


M.SEDEHI  ESFAHANI  et  al 


Blood  analysis : 

In  the  end  of  study  the  blood  samples  were  taken  from  the  heart  of  animals  under  ether  anesthesia 
and  the  blood  samples  were  mixed  with  ethylenediamine  tetraacetic  acid  (EDTA)  and  then 
analysed  by  auto  analyser  of  cell  counter  . 

Statistical  analysis  : 

The  differences  between  groups  were  analysed  using  appropriate  one  way  analysis  of  variance 
(anova)  technique  ,  followed  by  a  multiple  comparison  . 

The  one  way  anova  was  applied  using  the  F  distribution  to  assess  significance  in  the  level  of  0/05 


Fig  5-  mean  difference  of  Hb  in  male  groups  (g/dl) 


Fig  6-  mean  difference  of  Hb  in  female  groups  (g/dl) 


Summary  : 

The  data  presented  in  this  study  indicate  that  there  is  increasing  of  blood  parameters  of  RBC  , 
PVC  and  Hb  in  treated  groups  exposed  to  microwave  radiation  at  power  density  of  10  mw/cm2'  in 
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which  microwave  exposure  in  this  field  is  a  probable  agent  for  stimulation  of  proliferation 
processes  in  red  bone  marrow,may  be  due  to  hypoxia  and  releasing  of  erythropoietin  hormon, 
that  can  be  considered.  Our  data  also  indicate  that  the  test  results  of  same  blood  parameters  in 
treated  rats  exposed  to  microwave  radiation  at  1  mw/cm2  powers  density  has  not  been  significant 
in  comparison  with  that  of  control  group. 
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Abstract 

PURPOSE:  We  examined  the  apoptotic  effects  of  extremely  low-frequency  electromagnetic  fields  (EMFs)  on 
murine  thymus  gland  and  testis  after  whole-body  irradiation. 

METHODS:  Thymus  gland  and  testis  are  highly  susceptible  to  ionizing  irradiation  (IR).  When  suffered  to 
apoposis  by  IR,  the  apoptosis-related  signal  molecules  including  nuclear  transcription  factors  and  cytoplasmic 
caspases  are  activated.  Here,  we  measured  the  expression  levels  of  nuclear  transcription  factors  such  as  ATF-3 
and  p53  and  a  caspase-3-cleaved  product  LyGDI/GDI-D4/RhoGDI2/RhoGDip  in  thymus  gland  and  testis  after 
whole-body  EMFs  irradiation. 

RESULT:  Both  transcription  factors,  ATF-3  and  p53,  were  not  up-regulated  according  to  time  course  and 
dose-response  of  EMFs.  The  caspase-3-cleaved  product,  N-terminal  deleted  21-kDa  fragment  of  LyGDI  (AN(1- 
19)LyGDI),  was  also  not  induced  by  EMFs.  Besides,  in  immunoblotting  of  AN(l-19)LyGDI,  we  noticed  an 
unexpected  55-kDa  band  which  was  disappeared  by  EMFs  although  this  epitope  has  not  been  identified. 
CONCLUSION:  Apoptotic  signals  mediated  by  DNA  strand  breaks  are  not  generated  in  whole-body  irradiation 
of  EMFs.  Instead  of  this,  an  unknown  intracellular  signalling  may  possibly  be  provoked  in  EMFs-irradiated 
thymic  gland  and  testis. 


Introduction 

An  association  between  residential  extremely  low-frequency  electronic  and  magnetic  fields  (EMF)  and 
childhood  leukemia  was  first  reported  in  1979  by  Wertheimer  and  Leeper1’.  In  Japan  also  epidemiologic  studies 
recently  showed  that  residential  power-frequency  magnetic  fields  levels  above  0.4  micro  T  exposure  was 
associated  with  a  higher  risk  of  childhood  leukemia  (acute  lymphoblastic  leukemia)2).  Experimentally,  we  found 
that  the  offspring  mice  coming  from  late  pregnant  mice  exposed  to  a  500mG  50Hz  developed  chronic 
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myelogenic  leukemia  with  chronic  exposure31.  Exposure  to  a  60-Hz  magnetic  field  at  O.OOlmT  for  24  hr  was 
reported  to  cause  a  significant  increase  in  DNA  single-and  double-strand  breaks  in  the  brain  cells  of  rats4). 

As  a  general  mechanism,  apoptotic  cell  death  is  triggered  by  DNA  strand  breaks.  When  apoptotic  signalling 
caused  by  ionizing  radiation  (IR)  is  generated  in  the  cells,  transcription  factors  such  as  ATF-3  and  p53  are  up- 
regulated.  Subsequently,  as  post-mitochondrial  signals,  caspases  are  activated  to  execute  apoptosis.  LyGDI,  also 
known  as  GDI-D4/RhoGDI2/RhoGDip,  is  a  substrate  of  caspase-3  and  is  cleaved  by  activated  forms  of  this 
during  IR-induced  thymic  apoptosis5’.  Therefore,  the  cleaved  product,  N-terminal  deleted  AN(l-19)LyGDI, 
becomes  a  marker  for  the  activation  of  caspase-3.  To  examine  whether  EMFs  provoke  such  an  apoptotic 
signalling,  we  measured  the  expression  levels  of  either  transcription  factors  and  AN(l-19)LyGDI  in  thymic 
gland  and  testis  from  whole-body  irradiation  of  EMFs.  The  presented  data  clearly  indicate  that  EMFs  do  not 
induce  the  apoptotic  signalling  in  both  thymic  gland  and  testis.  Besides,  an  unidentified  immunoblot  band,  which 
is  reactive  to  N-terminus  of  AN(l-19)LyGDI,  has  been  found  to  respond  to  EMFs  in  both  organs. 


Materials  and  Methods 

Animal:  C57BL/6NCrlCrlj  male  mice  were  purchased  from  Charles  River  Japan  Inc.  at  6  weeks  of  age. 

EMF  exposure:  The  exposure  facility  was  produced  by  Chugoku  electronics  (Hiroshima,  Japan).  Magnetic 
fields  were  provided  by  electromagnet  which  has  air  gap  of  10cm  cubic  and  exciting  coli  of  1400  turns.  Sixty  Hz 
magnetic  fields  of  lOOmG,  500mG,  1G,  5G  and  10G  were  generated  for  exposure.  Animals  in  the  air  gap  were 

kept  under  constant  conditions  of  temperature(24±2°C)  and  humidity(50±  10%). 

Experimental  procedure: 

1)  To  investigate  expression  of  AN  (1-19)  LyGDI  and  full-length  LyGDI  in  the  exposed  cells,  mice  were 
exposed  to  60Hz  field  5G  for  6  hours.  Then  thymus  and  testis  were  aseptically  taken  out  from  sacrified  mice. 

2)  Time -dependent  p53  and  ATF-3  were  studied  with  60Hz  field  of  10G,  at  0,  3  and  6hr,  respectively. 

3)  Dose-dependent  p53  and  ATF-3  were  examined  with  60Hz  field  of  0,  0.1,  0.5,  1,  5  and  10  G,  respectively 
for  6hr. 

Mouse  thymus  irradiated  with  5  Gy  was  used  as  positive  control  in  expression  of  ATF-3  and  p53. 


Antibodies: 

Primary  antibodies  used  in  the  present  study  is  summarized  in  Table  1. 


Table  1.  Primary  antibodies  used  in  the  present  study 


Recognized  molelcule 

antibody 

Source 

Type  number 

Full  length  LyGDI 

goat  polyclonal  antibody 

Santa  Cruz 

SC-6047G 

N-terminal  deleted  form  of 
LyGDI 

monoclonal  antibody 

Active  Motif 

40941 

p53 

goat  polyclonal  antibody 
monoclonal  antibody 

Santa  Cruz 

Cell  Signaling 

sc-6243G 

2524 

ATF-3 

rabbit  polyclonal  antibody 

Santa  Cruz 

sc-188 

a-tubulin 

monoclonal  antibody 

Cederlane 

L9002T 
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Protein  analysis: 

To  extract  total  protein,  thymus  and  testis  was  homogenized  with  ice-cold  sodium  dodecyl  sulfate(SDS) 
sample  buffer  (pH  6.8)  consisting  of  25mM  Tris-HCl,  5%  glycerol  and  1%  SDS.  The  homogenized  solution  was 

sonicated  five  times  for  5  s  on  ice  and  centrifuged  at  15,000  rpm  for  lmin  at  4°C.  The  supernatant  was  then  used 
for  Western  blot  analysis.  After  extraction,  the  protein  concentration  was  determined  using  a  BioRad  protein 
assay  Kit.  Then  Protein  of  20  micro  gr  per  lane  were  applied  to  a  12%  SDS-polyacrylamino  gel,  after  which 
whole  cell  lysate  and  the  fractionated  samples  were  resolved  by  electrophoresis  and  transferred  to  Immobilon-P 
membrane.  The  gels  were  probed  with  primary  antibodies,  followed  by  secondary  antibodies.  Horseradish 
peroxidase-conjugated  anti-goat  rabbit  antibody  and  horseradish  peroxidase-conjugated  anti-mouse  or  anti-rabbit 
donkey  antibodies  were  used  as  secondary  antibodies.  Proteins  were  visualized  on  X-ray  film  using  ECL 
Western  Blotting  Detection  Reagent. 


Results  and  discussion 


To  elucidate  the  apoptosis-inducing  signal  of  exposed  thymus  and  testis  cells,  we  first  investigated  the  cleavage 
of  LyGDI.  In  mouse  LyGDI,  cleavage  by  caspase  3  and  caspase  1  occurs  after  the  Aspls  and  Asp54  residues, 
respectively,  resulting  in  the  production  of  two  truncated  protein,  21-kDa  and  17-kDa  products.  Thus  the 
products  of  truncated  LyGDI  indicates  which  caspase  are  activated  in  exposed  cells.  But  as  Figure  1  shows, 
truncated  LyDGI  was  not  detected  in  both  of  thymus  and  testis  with  5  G  exposure  for  6hr.  Interestingly, 
unknown  substance  (55kDa)  reactive  antibody  recognized  the  N-terminal  amino  acids  of  the  deleted  AN  (1-19) 
LyGDI,  was  detected  in  thymus  and  testis  cells  and  indicated  decrease  in  exposed  both  the  cells(Figure  1-B). 


A 


B 


Thyms  Testis 


LyGDI 


Thyms  Testis 


◄-Unidentified  protein 


◄-Full  length  LyGDI 


Figure  1.  Truncation  of  LyGDI  and  full-LyGDI  after  magnetic  irradiation  for  6hr.  Panel  A:  Full-LyGDI  was 
detected  in  both  of  thymus  and  testeis  with  0  and  5  G.  Panel  B:  Truncation  of  LyGDI  was  not  found  in  both  of 
thymus  and  testis  with  0  and  5  G,  respectively.  Unknown  substance  was  detected  in  about  55KDa  with  antibody 
of  delta  19-LyGDI. 
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testis  thymus 


Figure  2.  Variation  in  the  protein  level  of  p53  and  ATF-3  in  thymus  and  testis  with  time  after  exposure 
with  10  G. 
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6  h  after  irradiation 


electromagnetic  wave 


testis 


thymus 


X-ray 

thymus 

IB:  anti-p53 

«4-p53 


IB:  anti-ATF-3 


^=ATF-3 

IB:  anti-a-tubulin 
a-tubulin 


Figure  3.  Effect  of  the  exposed  dose  on  activation  of  p53  and  ATF-3  of  thymus  and  testis  in  6hr  after  exposure. 


ATF3(activating  transcription  factor  3)is  a  member  of  the  ATF/CREB  subfamily  of  basic-region  leucine 
zipper(bZIP)  protein  and  is  induced  in  response  to  endoplasmic  reticulum  stress  or  amino  acid  starvation61. 
ATF3  is  a  novel  stress-activated  regulator  of  p53  protein  stability/function  providing  the  cell  with  a  means  of 
responding  to  a  wide  range  of  environmental  insult7*.  It  is  also  reported  that  regulation  of  ATF3  induction  after 
DNA  damage  utilizes  both  the  p53-dependent  and-independent  pathways,  and  may  also  involve  MAP  kinase 
signalling  pathway8*.  In  this  study  we  could  not  detected  significant  expression  of  AFT3  and  p53  of  thymus  and 
testis  in  time-  and  dose-dependent  variation.  The  important  role  of  ions,  particularly  of  Ca2+,  in  the  apoptotic 
process  of  the  exposed  cells  is  considered9*,  and  then  there  may  be  another  p5 3 -independent  pathway  in  magnetic 
field  action  on  apoptosis. 

Those  result  indicated  that  that  there  may  be  another  signaling  pathway  to  produce  the  effects  of  EMF, 
although  EMF-induced  signaling  cascade  that  mediates  apoptosis  was  not  found. 
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Abstract 

We  examined  the  viability  of  bacteria  Escherichia  coli  and  yeast  Saccharomyces  cerevisiae  after  their  exposure 
to  radio-frequency  electromagnetic  field.  The  frequency  of  the  field  was  f=867  MHz,  the  maximal  power  was 
10W  and  the  maximal  duration  of  irradiation  was  48min.  The  exposure  took  place  at  laboratory  temperature. 
We  measured  the  viability  using  optical  spectrography  of  microbial  culture  in  broth  and  we  also  used  the  CFU 
(colony  forming  units)  counting  on  agar  plate.  We  observed  the  decrease  of  viability  both  for  bacteria  and 
yeasts.  According  to  our  previous  results  for  ELF-EMF  the  electromagnetic  field  effect  showed  the  saturation 
and  the  viability  decrease  of  bacteria  was  bigger  compared  to  decrease  in  viability  of  yeasts. 


Introduction 

High  frequency  electromagnetic  fields  (HF-EMF),  very  often  called  as  radio-frequency  (RF),  are 
electromagnetic  fields  with  frequency  in  the  range  of  GHz.  It  consists  of  GSM  range  (0.9-2. 1  Ghz)  and 
microwaves  (up  to  3000  GHz)  The  wave  length  in  vacuum  is  from  0.33m  -  0.1  mm. 

The  effect  of  high  frequency  electromagnetic  fields  on  living  organisms  is  subjected  to  research.  The  importance 
of  investigation  growths  with  increasing  use  of  different  high-frequency  devices,  mainly  cell  phones,  that 
produce  potentially  harmful  radiation.  Controversy  and  contradiction  still  surround  the  question  whether  HF- 
EMF  cause  any  detectable  biological  effects.  In  spite  of  great  deal  of  results  it  is  necessary  to  observe  that  it  is 
often  difficult  to  obtain  a  good  repeatability  of  data  among  different  laboratories,  thus  generating  conflicting 
results  about  possible  effects.  It  is  important  to  perform  all  experiments  in  well-defined  experimental  conditions. 
Searching  in  the  databases  we  must  have  on  mind  that  the  results  depend  on  the  power  of  electromagnetic  field, 
on  the  examined  cells  or  tissue,  on  the  duration  of  exposure  and  on  the  other  parameters.  We  can  bring  in  works 
showing  the  HF-EMF  effects  (1-3),  or  showing  no  EMF  effect  (4,5)  on  living  organisms. 

Electromagnetic  fields  can  have  negative  effects  on  human.  International  Commission  on  Non-Ionizing 
Radiation  Protection,  part  of  WHO,  estimated  on  the  base  of  plenty  scientific  studies  the  exposure  limit  for  HF- 
EMF  SAR=0.4W/kg  (6).  There  are  not  clear  evidences  whether  long-term  exposures  under  the  limit  are  harmful 
for  health.  The  mechanism  of  acting  is  not  still  clarified.  The  possible  way  to  understand  it  could  be  experiments 
on  microorganisms  in  vivo. 

Microorganisms  -  bacteria  and  yeasts  seem  to  be  good  biological  objects  to  study  electromagnetic  fields  effects. 
Bacteria,  their  life  cycle  and  metabolic  paths  are  well-examined  and  described.  Short  replication  time  enable  us 
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to  study  more  bacterial  generations.  Similar  properties  have  also  yeasts.  They  are  the  simplest  eucaryotic 
organisms.  Using  microorganisms  we  study  effects  both  on  cell  level  and  the  reaction  of  the  whole  organisms. 
The  EMF  effects  on  bacteria  has  been  studied  for  many  years  (7-10). 

In  our  previous  studies  we  applied  low-frequency  electromagnetic  fields  (50  Hz,  Bm=10mT,  duration  of 
exposure  till  lh)  on  different  bacterial  strains  (for  example  Escherichia  coli,  Leclercia  adecarboxylata. 
Staphylococcus  aureus...)  and  on  the  yeasts  (S accharomyces  cerevisiae).  We  observed  the  decrease  of  viability 
of  exposed  bacteria  and  yeasts.  The  decrease  was  strain-dependent,  the  effect  was  higher  for  rod-like  bacteria, 
spherical  bacteria  were  more  resistant  to  electromagnetic  field  exposure  (11-15). 

In  this  work  we  used  HF-EMF  on  the  same  microorganisms.  The  electromagnetic  field  was  the  same  as  was  for 
exposure  of  neurodefective  C3H  mices.  The  acute  effect  of  HF  EMF  on  the  central  nervous  system  excitation 
and  inhibition  and  some  histochemical  (NADPH  diaphorase)  and  immunohistochemical  (c-  Fos)  characteristics 
were  investigated.  The  acute  exposure  to  HF  EMF  had  no  significant  effect  on  these  parameters  but  the  long¬ 
term  irradiation  (3hours  daily,  1-2  months,  880MHz)  had.  (16).  The  exposure  induced  the  difference  in  NADPH- 
diaphorase  activity  in  hippocampus  in  C57B1/7  mice  and  shifted  spontaneous  cortical  and  LTH  hippocampal 
activities  to  lower  frequencies  (17). 


Experimental 

Bacteria 

Bacteria  Escherichia  coli  K12  Row,  genotype  58-161  metBhpsL  1+  Fdef(P.Fredericq)  from  Department  of 
biology  of  Faculty  of  Medicine  of  Masaryk  University  Brno  (Czech  Republic)  were  used.  Bacteria  were 
cultivated  in  TY  broth  (8  g  tryptone,  5  g  yeast  extract  -  HiMedia  Lab,  Bombay;  5  g  NaCl  -Lachema  Brno/  1  1 
water).  The  growth  in  closed  system  took  place  in  laboratory  temperature  (25°C) 

Yeasts 

The  prototrophic  tetraploid  strain  a/A  of  yeast  Saccharomyces  .cerevisiae  CCY  21-4-59  (yeast  collection, 
Institute  of  Chemistry,  Slovak  Academy  of  Science,  Bratislava)  was  used.  Yeast  cultures  were  grown  in  Malt 
extract  Broth  (2%  Malt  extract  broth  -  Fluka,  2%  Glukose  -  Lachema  Brno)  laboratory  temperature  (25°C). 
Number  of  microorganisms  was  determined  using  spectrophotometry. 

For  all  experiments  fresh  yeasts  and  bacteria  cultures  were  used. 

Spectrophotometry 

Spectrophotometer  Libra  S  22(Biochrom)  was  used  to  measure  optical  density  (OD)  at  the  wavelenghts  570  and 
620nm.  As  a  reference  sample  the  distilled  water  was  used.  The  calibration  curve  was  repeatedly  measured  by 
taking  values  of  OD570  or  OD620.  and  counting  of  corresponding  number  of  CFU  (see  bellow).  The  logarithmic 
calibration  curves  were  calculated  by  the  method  of  minimal  squares  from  36  measured  data. 


HF-EMF  Exposure 

Electromagnetic  field  was  generated  by  HF  generator  with  HF  amplifier.  Frequency  of  the  field  was  867  Hz 
(close  to  the  frequencies  used  in  mobile  phones).  The  wave  (TEM  111)  was  directed  by  a  waveguide  to  the  place 
of  exposure).  The  power  output  was  10W.  The  system  microorganisms  in  broth  were  exposed  4.5-5h  since  its 
inoculation  to  field  with  SAR=2W/kg.  The  density  of  cells  during  the  exposure  was  approximately  106  cells/ml. 


Statistics 

The  data  are  collected  from  5  experiments.  Each  experiment  consists  of  3  measurements.  The  Student’s  statistics 
(P=0.95)  and  t-test  were  used  to  analyse. 
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Results  and  discussion 


Bacteria  E.coli  were  exposed  to  electromagnetic  field  for  12min,  24min  and  48  min.  Fig.  1  shows  the  growth 
curve  of  bacteria.  The  number  of  bacteria  is  expressed  in  units  optical  density  (OD),  it  means  relative 
absorbance  of  bacterial  culture  compared  with  the  absorbance  of  reference  (water).  Time  T=0  h  marks  the 
beginning  of  exposure.  The  decrease  of  number  of  bacteria  in  solution  was  observed  for  all  exposed  samples. 
The  decrease  of  viability  is  adequate  to  duration  of  exposure. 

Yeasts  S.cerrevisiae  were  exposed  to  electromagnetic  field  by  the  same  way  as  bacteria.  The  growth  curves  are 
presented  on  Fig.  2.  Comparing  growth  curves  E.coli  and  S.cerevisiae  we  can  observe  smaller  effect  of  EMF  on 
yeasts.  The  significant  changes  in  growth  curve  were  observed  for  24  min  and  48  min  exposures. 


Escherichia  coli  in  HF-EMF 


t  [h] 


□  0  min 

■  12  min 
7224  min 

■  48  min 


Fig.l.  Growth  curves  of  bacteria  E.coli  after  magnetic  field  exposures. 


Fig.l.  Growth  curves  of  yeast  S.cerevisiae  after  magnetic  field  exposures. 

These  results  show  that 

a)  EMF  decreases  the  number  of  cells  in  broth. 

b)  EMF  effect  is  stronger  in  bacteria  cells 

c)  the  decrease  of  the  number  of  cells  is  apparent  in  the  first  serie  of  measurement  after  exposure. 

d)  the  number  of  cells  in  affected  cultures  is  growing  with  time,  but  the  growth  is  slower  than  in  control  culture. 

e)  the  effect  of  HF-EMF  on  the  observed  parameters  is  similar  to  the  effect  of  ELF-EMF  (11-13) 


1191 


STRASAK,  FOJT,  ZALUD,  NOVAK,  VOZEH,  VETTERL 


From  the  results  it  seems  that  EMF  kill  part  of  cells  in  broth.  The  growth  of  affected  cultures  is  retarded  by  the 
smaller  initial  number  of  cells  continuing  to  division  process.  The  next  progress  of  exposed  cultures  continues 
by  the  normal  way,  with  the  same  rate  of  division. 

It  would  be  useful  to  perform  the  experiments  measuring  the  number  of  cells  during  the  EMF  action. 
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Abstract 

There  is  a  lot  of  epidemiological  studies  showing  possible  effects  of  magnetic  fields  on  the  living  systems.  The 
ICNIRP  limit  for  maximal  magnetic  field  exposure  was  established  by  WHO  to  protect  people  before  not-fully 
understood  and  not-fully  proved  harmful  magnetic  field  effect  on  human.  The  public  transportation  is  a  place 
where  we  meet  magnetic  fields. 

We  measured  magnetic  fields  in  tramways,  trolleys  and  buses  in  Brno  city,  tramways,  trolley  and  buses  in 
Ostrava  city  and  subway  and  tramways  in  Prague.  In  addition  the  magnetic  fields  in  intercity  trains  were 
measured. 

Our  results  stated  that  the  measured  values  do  not  exceed  the  ICNIRPs  limit. 


Introduction 

Man-made  low-frequency  magnetic  fields  became  an  important  part  of  our  environment.  They  occur  in  our 
biosystem  everywhere  where  low-frequency  electric  field  is  produced.  Magnetic  field  exposure  is  in  vicinity  of 
electric  equipments  including  electric  engines  in  means  of  public  transport.  The  passenger  are  exposed  to 
magnetic  fields.  The  ICNIRP  (International  Committee  for  Non  Ionising  Radiation  Protection)  limits  of 
magnetic  field  exposure  are  highly  protective  and  are  based  on  all  the  available  scientific  evidence.  For  50  Hz 
field  is  limit  ICNIRP  100  pT  (1). 

The  passenger’s  magnetic  field  exposures  were  studied  in  London  (2)  and  in  Toronto  (3).  Our  study  shows  the 
results  from  public  transportation  in  three  cities  in  Czech  Republic  to  determine  whether  the  ICNIRP  limit  is 
fulfilled  and  to  compare  magnetic  fields  in  different  means  of  transport. 


Experimental 

The  EnviroMentor  Magnetic  Field  Meter  BMM-3000  (produced  by  EnviroMentor  AB,  Sweden)  was  used  for 
used  for  measurement  of  magnetic  induction. 

The  device  is  able  to  measure  magnetic  field  in  low-frequency  range  5  -  2000  Hz  and  five  induction  ranges  (200 
nT-2  mT). 

Tramways: 

T3  (m=16  000  kg,  P=  4  x  40  kW,  capacity  1 10  passengers,  1961-1990,  produced  by  Tatra  CKD 
Smfchov,  Czech  Republic,  measured  in  Brno,  line  1), 

K2  (m=21  800  kg,  P=  4  x  40  kW,  capacity  157  passengers,  1966-1989,  produced  by  Tatra  CKD 
Smfchov,  Czech  Republic,  measured  in  Brno,  line  1,  4), 

KT8D5  (m=38  000  kg,  P=  8  x  45  kW,  capacity  231  passengers,  1999  -,  produced  by  Tatra  CKD 


1193 


NOVAK,  STRASAK,  FOJT,  VETTERL 


Smfchov,  Czech  Republic,  Brno,  measured  in  line  1)  and 

Anitra  (m=24  200  kg,  P=  4  x  90  kW,  capacity  155  passengers,  2000-present,  produced  by  Skoda  Plzen, 
Czech  Republic,  measured  in  Brno,  Ostrava,  lines  1). 

Trolleys: 

14Tr  and  14TrM  (m=  10  000  kg,  P=  2x100  kW,  capacity  145  passengers,  1974-1984,  produced  by 
Skoda  Ostrov,  Czech  Republic,  measured  in  Brno,  line  30), 

15  Tr  (m=  15  900  kg,  P=  100  kW,  capacity  80  passengers,  1983,  produced  by  Skoda  Ostrov,  Czech 
Republic,  measured  in  Brno  line  26  and  Ostrava  line  104)  and 

22  Tr  (m=  18  000  kg,  P=  2x132  kW,  capacity  140  passengers,  2002,  produced  by  Skoda  Ostrov,  Czech 
Republic,  measured  in  Brno  line  26). 

Metro  trains: 

81-717.1  (m=  33  500  kg,  P=  4x110  kW,  capacity  260  passengers,  1977-1990,  produced  by 
Mitishchinsky  engineering  factory,  Soviet  Union,  measured  in  Prague  lines  A,  B) 

2MT  (m=  31  000  kg,  P=  110  kW,  capacity  262  passengers,  1996-present,  produced  by  Skoda  Plzen, 
Czech  Republic,  measured  in  Prague  lines  A,  B) 

Ml  -  Siemens  (m=  27  900  kg,  P=  141.5  kW,  capacity  284  passengers,  2000-present,  produced  by 
Siemens  AdTranz,,  Czech  Republic,  measured  in  Prague  line  C) 

Intercity  train: 

Pendolino  680  (m=  385  000  kg,  P=  4000  kW,  capacity  333  passengers,  2003,  produced  by  Alstom 
Ferroviaria,  Italy,  route  Prague  -  Deem  -  Prague). 

Results 

Tramways 

Totally  12  600  values,  3012  during  stops,  9588  operating.  The  maximal  value  of  magnetic  induction  was  7.23  pT 
(operating)  or  1.16  pT  (standing). 

Trolleys 

4369  data,  1030  -  standing,  3339  -  operating.  The  maximal  value  was  3.23  pT  (operating)  or  1.03  pT  (standing). 

Metro 

10136  data,  2269  -  standing,  7867  -  operating.  The  maximal  value  was  8.17  pT  (operating)  or  0.09  pT 
(standing). 

Train 

6648  measured  values.  The  maximal  value  was  0.14pT  (operating)  or  0.002  pT  (standing). 

The  comparison  of  all  used  means  of  public  transport  is  summarized  in  Fig.l.  The  maximum  peak  value  was 
measured  in  metro  (8.17  pT),  then  it  decreased  in  order  tramway>trolley>train  (0.139  pT).  The  different  order  is 
if  we  take  in  the  account  average  value.  In  that  case  trolleys  have  the  biggest  induction  (3.18  pT)  and  than 
tramway>metro>train  (0.002  pT). 

The  average  values  of  different  means  of  transportation  differ  depending  on  the  type  of  tram,  trolley  or  metro.  It 
depends  also  on  the  external  sources  of  magnetic  fields,  on  the  driver’s  style  and  on  the  profile  of  track.  The 
engine  draws  maximal  electric  energy  during  acceleration  or  during  breaking.  In  other  cases  the  train  uses 
inertia.  The  maximal  values  of  magnetic  induction  are  reached  in  a  very  short  time  just  before  changes  in  its 
velocity. 

As  for  magnetic  field  exposure,  the  public  transportation  in  Czech  Republic  is  safe.  All  data  are  below  ICNIRP 
limit,  which  is  100  pT  for  50Hz  fields. 
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Fig.l  Comparision  of  average  values  of  magnetic  induction  in  different  means  of  public  transport. 
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10.0 

80.1 
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6680 

139 
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0.3 

0.2 

1.7 

5.8 
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Tab.l:Review  of  all  measurements.  Mode  =  the  most  often  measured  value,  Stdev=  standard  deviations. 
Confidence  =  The  error  of  measurement  (Student's  distribution) 
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Abstract 

The  aim  of  the  present  study  is  to  investigate  whether  radio  frequency  electromagnetic  fields  (RF-EMF) 
exposure  induces  acute  effects  on  brain  microcirculation  being  transiently  observed  only  during  RF-EMF 
radiation  period  in  juvenile  rats.  As  a  model  of  juvenile  and  adult  rats,  we  used  4  and  8  weeks  old  male  Sprague- 
Dawley  rats,  respectively.  All  rats  were  subjected  to  cranial  window  implantation  prior  to  the  experiments  and 
intravital-microscopic  observation  under  anesthesia.  Rat's  head  in  RF  group  was  locally  exposed  to  1,457MHz 
electromagnetic  near-field  by  an  “8”-shaped  loop  antenna.  RF-EMF  exposure  intensity  was  maintained  at  an 
averaged  SAR  (2.0W/kg)  in  parietal  targeted  area.  Three  microcirculatory  parameters  (BBB-function,  plasma 
velocities,  and  vessel  diameters)  in  pial  venules  were  measured  every  10  min  for  50min  exposure  period.  In  4 
weeks  juvenile  rats,  no  changes  in  any  of  the  three  microcirculatory  parameters  were  elicited  by  the  RF-EMF 
exposure.  No  statistical  changes  were  recognized  between  those  values  obtained  from  RF  group  and  sham 
exposed  group.  These  negative  effects  in  juvenile  rats  were  also  confirmed  in  adult  rats.  The  results  reveal  that 
there  were  no  RF-EMF  exposure  effects  at  least  on  our  measured  brain  microcirculatory  parameters  in  either 
juvenile  or  adult  rats  under  the  present  exposure  conditions. 


Introduction 

Possible  adverse  health  effects  of  radiofrequency  electromagnetic  field  (RF-EMF)  exposure  during  mobile 
phone  uses  on  the  brain  are  one  of  the  public  health  concerns,  especially,  the  effects  on  the  developing  brain  in 
the  children.  However,  few  studies  have  evaluated  this  possible  effect  using  juvenile  animals.  Our  previous 
studies  focused  on  the  brain  microcirculation  during  RF-EMF  exposure,  and  showed  no  noticeable  change  in 
parameters  including  blood-brain  barrier  function,  vessel  diameters  or  plasma  velocities  was  found  in  adult  rats. 
The  aim  of  the  present  study  is  to  investigate  whether  RF-EMF  radiation  affects  the  brain  microcirculation  in 
juveniles  or  not. 

We  used  4-week-old  male  Sprague-Dawley  rats  as  juvenile  animals.  The  rats  were  divided  into  two  groups: 
RF  group  was  exposed  to  RF-EMF  and  Sham  group  was  not  exposed  to  any  RF-EMF.  All  rats  were  subjected  to 
cranial  window  implantation  prior  to  the  exposure  experiments  and  intravital-microscopic  observation  under 
anesthetic.  To  compare  the  results  of  juvenile  animals  with  those  of  adult  animals,  we  also  performed  the  same 
preparation  and  experiments  in  8-week-old  SD  rats. 

Rat  heads  were  locally  exposed  to  1,457MHz  electromagnetic  near-field  TDMA  (time  division  multiple 
access)  signal  for  PDC  (Personal  Digital  Cellular,  Japanese  cellular  telephone  standard)  systems  by  the  “8”- 
shaped  loop  antenna  placed  4  mm  upward  to  the  cranial  window.  RF-EMF  exposure  was  maintained  at  2.0  W/kg 
of  the  averaged  SAR  in  parietal  targeted  area  (Table  1). 
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Table  1  Averaged  SAR  (W/kg) 


Age 

Target  area 

Whole  brain 

Whole  body 

4-week-old 

2.0 

0.59 

0.057 

8-week-old 

2.0 

0.54 

0.032 

The  pial  microcirculation  within  cranial  windows  was  observed  using  a  fluorescent  microscope  equipped 
with  an  EBCCD  camera.  In  order  to  measure  four  microcirculatory  parameters,  BBB  function,  plasma  velocities, 
leukocyte  behaviours,  and  arteriole  vasomotion,  we  used  rhodamine  6G  for  leukocyte  behaviours  and  FITC-Dx 
(70k  or  2000k)  for  the  other  three  parameters. 

We  prepared  two  experimental  protocols.  Arteriole  vasomotion  was  observed  for  12  min  experimental  period 
including  3  min  RF-EMF  exposure.  The  other  three  microcirculatory  parameters,  BBB-function,  plasma 
velocities,  and  leukocyte  behaviours  in  pial  venules  were  measured  every  10  min  during  80  min  experimental 
period  including  50  min  RF-EMF  exposure.  The  results  were  compared  between  RF  and  Sham  group.  The 
statistical  analysis  was  performed  by  Student’s  t-test  or  ANOVA. 

BBB  permeability  was  evaluated  by  extravasation  of  FITC-Dx  (70kDa)  from  pial  microvessels.  After 
intravenous  injection  of  FITC-Dx,  the  fluorescence  intensities  of  brain  surface  area  (0.74  mm2)  were  measured 
every  10  min  during  pre-  and  during  RF  exposure  period.  As  a  result,  there  was  no  significant  difference  in  the 
intensity  changes  between  sham  and  exposed  group  in  either  juvenile  or  adult  rats  (Figure  1). 


4  wks 


8  wks 


Sham  n=9 
RF  n=9 


Figure  1  BBB  permeability  changes  during  RF-EMF  exposure 


The  numbers  of  rolling  and  sticking  leukocytes  stained  with  rhodamine  6G  were  counted  at  0,  10,  20,  40  min 
after  RF  exposure.  As  a  result,  no  significant  difference  in  these  counts  was  found  between  sham  and  exposed 
group  even  in  juvenile  rats. 

The  velocities  of  plasma  flowing  in  the  pial  venules  were  measured  using  Dual-Slit  technique.  We  compared 
the  velocities  of  each  period  with  those  of  20  min  before  RF  exposure.  But  there  was  no  significant  difference  in 
the  plasma  velocity  between  sham  and  exposed  group  even  in  juvenile  rats. 
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The  arteriolar  vasomotion  was  monitored  pre-,  during,  and  post-  RF  exposure.  As  a  index  for  dynamic 
changes  in  the  vasomotion,  we  calculated  the  mean  values  of  arteriolar  diameter  for  each  experimental  period 
and  showed  them  as  a  relative  (%)  diameter  of  pre-exposure.  As  a  result,  no  significant  difference  in  the  arteriole 
diameter  was  found  between  two  groups  even  in  juvenile  rats. 


Conclusions 

The  results  reveal  that  there  were  no  effects  of  RF-EMF  exposure  on  brain  microcirculatory  parameters,  at 
least  on  BBB-function,  leukocyte  behaviours,  blood  flow  or  arteriolar  vasomotion,  in  either  juvenile  or  adult  rats 
under  present  exposure  conditions. 
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Abstract 

To  evaluate  the  possible  alterations  of  the  human  cochlear  activity  to  the  GSM  915  MHz  electromagnetic  fields 
(EMF)  exposition  in  a  significant  statistically  human  subjects  group,  the  transient  evoked  otoacoustic  emissions 
(TEOAEs)  have  been  measured. 

130  volunteers  took  part  in  the  experiment;  they  were  randomly  divided  into  two  groups  (group  X,  exposure  to 
EMF  consisting  of  85  people;  group  Y,  control  consisting  of  45  people)  and  underwent  TEOAEs  measurements 
two  times.  Participants  were  healthy  young  adults  (18-40  years  old)  without  any  evidence  of  hearing  or  ear 
disorder.  In  group  X  the  TEOAEs  were  recorded  before  and  throughout  6  minutes  EMF  exposition  (average 
power  irradiated:  lWatt),  while  for  group  Y  the  TEOAEs  were  recorded  for  two  consecutive  intervals  of  six 
minutes  without  EMF. 

The  TEOAEs  were  measured  in  the  time  domain  while  the  corresponding  analysis  have  been  carried  out  by  the 
estimate  of  the  density  power  spectrum  relating  to  each  waveform  using  the  Welch’s  method.  Comparing  the 
results  obtained  in  the  case-control  groups  the  variations  of  the  density  power  spectrum  found  in  the  exposed 
subjects  are  not  significant  statistically  respect  to  ones  in  the  control  group.  Therefore  the  external  hair  cells 
activity  is  not  modified  by  GSM  cellular  phones. 


Introduction 

The  explosive  increase  in  the  use  of  mobile  phones  during  the  last  years  has  aroused  suspicions  about  their 
adverse  effects  on  human  health.  Normally  the  cellular  phone  antenna  is  positioned  near  the  human  head  and  in 
particular  close  the  ear  causing  a  part  of  the  electromagnetic  energy  emitted  from  the  antenna  to  be  absorbed  by 
the  auditory  apparatus.  Some  authors  studied  the  interaction  between  the  electromagnetic  fields  (EMF)  generated 
by  cellular  phone  and  inner  ear,  in  particular  the  cochlear  outer  hair  cells  measuring  the  otoacoustic  emission  in 
humans  [1],  [2]  [3],  Sometimes  significant  variations  on  the  otoacoustic  emission  due  to  the  presence  of  the 
electromagnetic  fields  have  been  reported  while  in  other  cases  any  variations  has  been  noticed.  In  addition  to 
these  conflicting  results  must  be  considered  that  in  the  studies  above  reported  the  number  of  subjects  examined 
was  very  low. 

In  this  paper  the  study  of  the  effects  of  the  electromagnetic  fields  generated  by  915  MHz  GSM  cellular  phones 
on  the  otoacoustic  emission  in  a  statistically  significant  number  of  subjects  is  reported.  The  volunteers  that  took 
part  at  the  study  were  divided  randomly  in  two  groups:  control  and  exposed  group.  All  the  subjects  underwent 
transient  evoked  otoacoustic  emission  (TEOAE)  measurements.  The  TEOAE  signals  are  generated  by  the 
movement  of  the  outer  hair  cells  on  the  Corti’s  organ  when  the  auditory  periphery  is  stimulated  by  an  acoustic 
click.  The  TEOAEs  are  present  in  100%  of  normal  hearing  subjects  and  constitute  an  expression  of  a  normal 
cochlear  functionality.  To  evaluate  the  alterations  brought  on  by  the  EMF  on  the  auditory  responses  the  power 
spectral  density  (PSD)  estimation  of  each  TEOAE  have  been  calculated.  Since  these  signals  are  noise  corrupted 
the  classic  FFT  algorithm  is  not  indicated  for  the  PSD  estimation  but  it  is  advisable  to  apply  the  periodogram 
method  and  in  particular  the  Welch  method.  Finally  in  order  to  evaluate  the  presence  of  statistically  significant 
variations  in  the  exposed  group  respect  to  the  control  group  the  Chi  square  test  has  been  carried  out. 
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Experimental  procedure  and  set-up 

The  OAE  are  stimulated  by  the  application  of  a  sound  stimulus  in  the  ear  channel.  A  rectangular  stimulus  (click) 
has  been  chosen  because  it  is  very  brief  and  has  a  broad-range  frequency  spectrum,  so  that  a  complete  and 
simultaneous  stimulation  of  the  Corti’s  organ  can  be  obtained  down  its  entire  length. 

The  experimental  activity  was  performed  using  the  ILO88  system  by  Otodynamics.  It  is  composed  of  analog-to- 
digital  converter,  a  preamplifier,  an  acoustic  probe  (microphone)  and  software  to  manage  the  stimulus  and  to 
collect  and  elaborate  data.  As  the  probe  position  can  modify  the  stimulus’  shape,  checking  the  noise  floor  level, 
shape,  spectrum  and  intensity  level  of  the  stimulus  is  compulsory.  The  probe  fit  was  evaluated  by  measuring  the 
adequacy  of  stimuli,  i.e.,  flat  acoustic  spectrum  across  the  frequency  range  of  0.5  -  5  kHz.  The  OAEs  were 
obtained  with  stimuli  consisting  of  clicks  of  80  ps  duration.  The  stimulus  level  in  the  outer  ear  was  set  at  80  +  3 
dB  SPL.  The  click  rate  was  50  click  per  second  and  post-stimulus  analysis  was  in  the  range  of  2  to  20  ms.  A  total 
of  700  sweeps,  corresponding  about  6  minutes,  was  averaged  above  the  noise  rejection  level  of  47  dB. 

The  responses  were  filtered  with  the  use  of  a  II  order  high  pass  filter,  with  cutoff  at  500  Hz,  and  a  low  pass  IV 
order  filter  with  cutoff  at  5  kHz  and  sample  rate  of  25000  samples/s  for  a  total  of  512  samples.  A  response  is 
valid  if  its  amplitude  is  higher  than  noise  floor  level  plus  3  dB. 

The  TEOAE  was  recorded  in  ASCII  files  and  analysed  later  with  a  suitable  Matlab®  computer  programme  [4]. 
The  exposition  system  was  composed  by:  a  vector  signal  generator  SMIQ02B  by  Rohde&Schwarz  for  the 
generation  of  the  TDMA  mobile  radio  standard  signals  as  GSM,  GSM-EGDE  etc.,  operating  in  the  300  kHz  -  2.2 
GHz  frequency  range;  to  amplifier  the  signal  generated  at  the  desired  level  a  5  W  linear  amplifier,  operating  in 
the  frequency  range  860  MHz  -  960  MHz,  it  was  cascade  connected  to  the  signal  generator;  to  measure  the 
transmission  and  reflection  power  from  the  antenna  a  mobile  power  measurement,  with  NRT  sensor  and  PC  card 
adapter  NRT-Z4  by  Rohde&Schwarz,  it  was  interposed  between  the  amplifier  and  the  antenna;  at  the  end  of  the 
generation  and  transmission  chain  a  short  dipole  antenna  to  radiate  the  signal  was  connected.  The  positioning  of 
the  antenna  near  the  ear  was  realized  by  a  suitable  plastic  support  mounted  on  an  modified  earphones. 

The  average  power  at  the  antenna  input  was  fixed  to  1  Watt  and  the  exposition  frequency  at  915  MHz. 

Subjects 

130  subjects  volunteers  took  part  in  the  investigation;  they  were  informed  in  detail  about  the  purpose  and 
procedures  of  the  study  and  a  written  informed  consent  was  obtained.  Participants  were  healthy  young  adults 
(18^10  years  old)  without  any  evidence  of  hearing  or  ear  disorder,  corresponding  to  the  ISO  standard  definition 
of  otologically  normal  to  exclude  middle  ear  pathology  that  may  impair  OAE  measurements. 

The  rationale  was  to  test  a  group  that  was  representative  of  the  population  of  young  otologically  normal  people. 
Absence  of  pre-existing  hearing  or  ear  disorder  maximizes  the  sensitivity  of  the  study  to  detect  small  changes 
that  may  occur.  Acceptance  as  participants  was  based  on  otoscopy,  audiometry  by  air  conduction  (0.5,  1,  2,  3,  4, 
6,  8  kHz)  and  bone  conduction  (0.5,  1,  2  kHz),  tympanometry  and  acoustic  reflex  testing,  and  a  simple 
screening  questionnaire  concerning  medical  and  otological  history. 

The  subjects  were  randomly  divided  into  two  groups  (group  X,  exposure  to  EMF  consisting  of  85  people;  group 
Y,  control  consisting  of  45  people)  and  underwent  TEOAEs  measurements  twice.  In  group  X  the  TEOAEs  were 
recorded  before  and  throughout  6  minutes  EMF  exposition  (average  power  irradiated:  lWatt),  while  for  group  Y 
the  TEOAEs  were  recorded  for  two  consecutive  intervals  of  six  minutes  . 

Signal  detection 

To  analyse  TEOAEs,  the  signals  revealed  by  the  microphone  are  averaged  by  time-locking  to  the  transient 
stimuli  and  alternatively  storing  them  into  two  separate  buffers  (A  and  B).  Thus  each  of  the  two  waveform  A  and 
B  (see  Fig.  1)  corresponds  to  an  average  of  700  accumulated  responses  without  any  intervening  time  lag. 

The  two  waveforms  of  each  signal  collected  in  separate  buffers  were  cross  correlated  by  means  of  a  product 
moment  correlation  coefficient.  The  entity  of  correlation  is  considered  as  a  measure  of  the  response  reliability 
and  hence  as  a  score  of  the  functional  efficiency  of  the  auditory  system.  In  the  ILO88  test,  an  correlation  index, 
called  “Repro”,  between  two  waveforms  of  an  OAE  signal  is  considered.  An  index  value  >  70  %  is  considered  as 
physiological,  therefore  if  this  condition  should  not  occur  the  examination  would  not  have  considered. 

In  Fig.  1  two  waveforms  related  to  TEOAE  response  with  “Repro”=90%  is  shown.  Each  waveform  is  composed 
by  512  points  graphically  interpolated  and  the  differences  among  the  waveforms  A  and  B  are  due  to  the  noise 
overlapped  to  the  signals. 

Power  spectrum  density  estimation 

In  order  to  quantify  the  TEOAE  response  alterations  the  power  spectral  density  (PSD)  estimate  associated  with 
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each  TEOAE  has  been  calculated.  There  are  several  approaches  to  calculate  PSD  estimates;  the  most  widely 
used  PSD  method  analysis  it  is  based  on  the  application  of  the  well  know  FFT  algorithm  while  other  use  the 
periodogram  method  which  is  know  as  classic  way  to  estimate  PSD. 

Widely,  the  PSD  estimate  of  a  time  varying  signal  is  obtained  by  computing  first  the  frequency  spectrum  of  the 
sampled  data  through  the  Discrete  Fourier  Transform  (DFT)  then  the  square  module  amplitude  of  the  frequency 
spectrum.  In  case  of  signal  corrupted  by  noise  it  is  appropriate  to  compute  power  spectral  density  estimate  of  the 
signal  using  the  Bartlett  and  Welch  periodogram  methods  [5].  These  methods  make  no  assumption  about  how 
data  was  generated  and,  hence,  are  called  nonparametric  [6]. 


Fig.  1.  Waveforms  of  a  click  evoked  otoacoustic  emission  signal:  A  and  B  are  two  waveforms  of  a  typical 

TEOAE  signal  recorded  by  the  IFO88  system. 

In  the  Bartlett  method  the  N-point  time  domain  sequence  x(0),  x(l),  x(2), . ,  x(N-l)  is  divided  into  P  no 

overlapping  segments,  where  each  segment  has  length  D. 

For  each  segment,  the  periodogram  is  computed  and  the  Bartlett  power  spectral  density  estimate  is  obtained  by 
averaging  the  periodograms  for  the  P  segments,  as  in  the  following  formula: 


P=  0 

By  this  averaging  of  the  spectrum  the  variance  of  the  spectrum  estimation  is  reduced  by  a  factor  P,  however  at 
the  expense  of  a  reduction  of  the  frequency  resolution  by  a  factor  P. 

Welch  has  modified  Bartlett’s  method  by  using  windowed  data  segments  overlapping  in  time.  The  overlapping  is 
used  for  further  reducing  the  periodogram  variance  while  the  windowing  is  applied  to  reduce  the  spectral  leakage 
associated  with  finite  observation  intervals.  The  frequency  spectrum  calculated  by  the  Welch  periodogram  is 
given  by: 


Sw(f)  p^UDT 

P= 0 

U  is  the  discrete-time  window  energy  of  the  used  window  function  w[n]  as  defined  as  follow: 


D-l 

T ^  w[n]x(p)  [«]exp(-  jlnfnT) 

n= 0 


D-l 

T^x(p)[n\exp(-j27zfhT) 

n=0 


D-l 

U  =TYJW1[n\ 

n= o 


(3) 


In  our  case  the  Welch  method  has  been  applied  with  a  50%  overlapping  and  Hamming  window  selected. 

In  Fig. 2  an  example  of  PSD  estimate  computed  by  the  Welch’s  method  is  shown.  It  has  been  calculated  using  a 
Mat  I  ah'  software  toolbox  with  A  and  B  TEOAE  signals  as  input  data.  The  numerical  computation  output  are 
two  column  vectors  called  [PX(A)  (f)]  and  [PX(B>  (f)]  with  dimension  256x1.  The  elements  of  [PX(A)  (f)]  and  [PX(B) 
(f)]  represent  the  power  spectrum  density  estimates  calculated  for  each  frequency  value  of  the  column  vector  [f] 
of  same  dimension. 
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The  example  reported  in  Fig. 2  shows  the  Power  Spectrum  Density  (PSD)  estimates  in  Watt/Hertz  (W/Hz)  vs. 
frequency  (f)  in  Hertz  (Hz)  of  the  TEOAE  signals  reproduced  in  Fig.  1 . 


Fig. 2.  Example  of  Power  Spectral  Density  estimate  computed  by  Welch’s  method:  these  curves  are  relative  to 

the  TEOAE  waveforms  shown  in  Fig.l 


Data  analysis  procedure 

The  data  analysis  for  the  exposed  group  has  been  carried  out  following  the  below  procedure: 

1.  Estimation  of  the  PSD  using  the  Welch’s  function  available  on  Matlab®  software  for  the  A  and  B 
TEOAE  signals; 

2.  Evaluation  of  the  average  power  associated  to  each  signal  by  numerical  integration  of  [PX<A)  (f)]  and 
[Px!l!  l  (f)]  above  the  frequency  range  500  Hz  -  5  kHz; 

3.  Calculation  of  the  mean  between  the  two  power  values  determined  in  the  previous  step  and  evaluation 
of  the  mean  relative  deviation; 

4.  Repetition  of  the  steps  1-3  considering  the  TEOAE  registered  in  presence  of  electromagnetic  fields; 

5.  Comparison  between  the  means  calculated  with  and  without  EMF; 

6.  The  difference  computed  in  the  5  step  is  defined  “Significant”  when  its  absolute  value  is  greater  than 
the  addition  of  the  relative  deviations  calculated  in  the  two  cases  with  and  without  EMF. 

As  regard  the  data  analysis  of  the  control  group  the  procedure  is  the  same  of  the  exposed  group  with  the  only 
difference  that  the  subjects  are  not  exposed  to  EMF. 

Results 

In  Tab. I  an  example  of  the  numerical  result  obtained  applying  the  first  5  steps  of  the  above  procedure  is  reported. 
In  particular  the  average  power  for  the  two  TEOAE  signals  relative  to  a  single  subject  in  both  the  exposition  and 
no  exposition  conditions  are  calculated.  Moreover  the  mean  and  the  mean  relative  deviation  it  is  also  computed 
for  both  conditions.  All  the  power  values  are  expressed  in  decibel  (dB). 


Tab.I  -  Example  of  average  power  calculated  for  a  single  subject  with  and  without 

EMF 

Subject  XXX 

Average  power 

Average  power 

Mean 

Mean  relative 

signal  A  [dB] 

signal  B  [dB] 

[dB] 

deviation  [dB] 

No  exposed 

37,47 

37,73 

37,60 

±0,13 

Exposed 

37,98 

37,72 

37,85 

±0,13 

In  order  to  compare  the  results  obtained  in  the  two  conditions  the  difference  between  the  means  has  been 
calculated  and  the  result  is  shown  in  Tab. II,  where  “Mean  (NoEx)”  indicates  the  mean  of  the  average  powers  in 
the  ‘no  exposed’  condition  while  “Mean  (Ex)”  indicates  the  mean  of  the  average  powers  in  ‘exposed’  condition. 


Tab. II  -  Difference  of  the  means  and  “Significant”  variation  test 

Subject  XXX 

Absolute  value 
difference  [dB] 

“Significant” 

variation 

Mean  (NoEx)  -  Mean  (Ex) 

0,24 

NO 

In  the  same  table  the  result  of  the  “Significant”  variation  test  is  also  reported.  In  the  test,  the  absolute  value  of  the 
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difference  is  compared  with  the  addition  of  the  relative  deviations  respect  to  the  corresponding  means  obtained 
in  the  two  condition  above  mentioned.  The  result  of  the  test  is  a  Boolean  variable  which  value  is  “YES”  when 
the  difference  absolute  value  is  greater  than  the  addition  of  the  relative  deviations.  In  the  example  shown  in  Tab.I 
the  addition  of  the  relative  deviations  is  0,26  dB  while  the  difference  absolute  value  is  0,24  dB,  thus  in  this  case 
the  test  response  is  “NO”. 

Repeating  the  procedure  for  all  the  subjects  included  in  the  exposed  and  control  groups  the  results  obtained  are 
summarized  in  Tab.III  and  Tab. IV  respectively. 


Tab.  Ill  -  Exposed  group:  summary  sheet 

Subjects  number 

85 

“Significant”  differences  number 

58  (68,2%) 

“No  Significant”  differences  number 

27  (31,8%) 

Tab.  IV  -  Control  group:  summary  sheet 

Subjects  number 

45 

“Significant”  differences  number 

25  (55,6%) 

“No  Significant”  differences  number 

20  (44,4%) 

Analysing  the  above  results  an  greater  cases  number  with  TEOAE  response  alterations  in  the  exposed  group 
(68%)  respect  to  control  group  (55,6%)  it  has  been  obtained.  Besides  in  the  control  group,  in  absence  of  EMF, 
more  than  50%  presents  a  “Significant  difference”  probably  due  to  the  random  noise  overlapped  to  the  TEOAE 
signal. 

Statistical  analysis 

The  results  do  not  clear  up  if  the  TEOAE  alterations  founded  in  the  exposed  group  was  really  in  correlation  to 
the  typical  GSM  electromagnetic  field,  so  a  statistical  comparison  of  the  results  obtained  in  the  two  group  it  is 
necessary. 

In  our  case  the  Chi  square  test  is  indicated.  Chi  square  is  a  non-parametric  test  of  statistical  significance  for 
bivariate  tabular  analysis.  Any  appropriately  performed  test  of  statistical  significance  lets  us  know  the  degree  of 
confidence  we  can  have  in  accepting  or  rejecting  an  hypothesis.  Typically,  the  hypothesis  tested  with  Chi  square 
is  the  null  hypothesis  [7].  In  our  case  it  establish  that  the  two  groups  (exposed  and  control  groups)  are  not 
different  enough  respect  to  their  behaviour  in  presence  of  EMF. 

The  first  step  in  the  building  the  Chi  square  test  is  the  data  summary  in  a  table  (as  shown  in  Tab.V)  where  in  the 
rows  the  independent  variables  and  in  the  columns  the  dependent  variables  are  reported.  In  this  analysis  the  two 
groups  are  considered  the  independent  variables  while  the  results  of  the  computation  analysis  on  the  TEOAE 
responses  are  considered  the  dependent  variables 


Tab.V  -  Data  summary  of  the  experimental  results 

“Significant”  differences 

No  “Significant”  differences 

Total 

Exposed  group 

58 

27 

85 

Control  group 

25 

20 

45 

Total 

83 

47 

130 

The  expected  frequencies  for  the  above  data  are  calculated  multiplying  the  total  number  of  each  row  for  the  total 
number  of  each  column  and  dividing  the  result  by  the  subjects  total  number.  The  results  are  shown  in  Tab.  VI. 


Tab.  VI  -  Data  summary  of  the  experimental  results 

“Significant”  differences 

No  “Significant”  differences 

Total 

Exposed  group  (observed) 

58 

27 

85 

Exposed  group  (expected) 

54,26 

30,73 

Control  group  (observed) 

25 

20 

45 

Control  group  (expected) 

28,73 

16,26 

Total 

83 

47 

130 

Before  to  calculate  the  Chi  square  value  it  is  necessary  to  determine  the  threshold  of  tolerance  for  error.  For  our 
purposes  we  set  a  probability  of  error  threshold  of  1  on  20,  or  p  <  0.05.  Applying  the  following  formula  (4)  the 
Chi  square  value  has  been  computed: 
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+  (OrEl 
-  E 


where  O,  represent  the  observed  values  while  E,  the  expected  values.  On  the  basis  of  the  data  reported  in  Tab.  VI 
the  Chi  square  value  is: 


£  =  0,257  +  0,452  +  0,484  +  0,86  =  2,05 


For  significance  at  the  0,05  level  and  degree  of  freedom  equal  to  one,  the  Chi  square  should  be  greater  than  or 
equal  to  3,84. 

Therefore  the  distribution  is  not  significant  and  the  null  hypothesis  is  not  rejected.  In  other  words,  the  difference 
between  the  two  groups  is  not  statistically  significant  respect  to  their  TEOAE  responses  in  presence  or  not  of 
EMF,  so  the  variations  are  not  ascribable  at  the  electromagnetic  fields  emitted  by  the  GSM  cellular  phones  but 
probably  to  the  random  noise  overlapped  to  the  TEOAE  signals. 

Summary 

A  study  of  the  GSM  915  MHz  electromagnetic  fields  effects  on  the  auditory  system  has  been  carried  out.  For  the 
first  time  the  subjects  number  that  taken  part  in  a  study  of  this  matter  has  been  statistically  significant.  130 
healthy  young  adults  volunteers  randomly  divided  into  two  groups  have  been  considered:  group  (X)  exposed  to 
EMF  consisting  of  85  people  and  group  (Y),  control,  consisting  of  45  people. 

All  the  subjects  have  been  underwent  TEOAEs  measurements  two  times.  In  particular  for  the  group  (X)  the 
TEOAEs  were  recorded  before  and  throughout  6  minutes  EMF  exposition  (average  power  irradiated:  lWatt), 
while  for  the  group  (Y)  the  TEOAEs  were  recorded  for  two  consecutive  intervals  of  six  minutes  without  EMF. 
The  TEOAEs  measured  are  composed  by  two  slightly  different  signals  in  the  time  domain.  The  difference  is  due 
at  the  randomly  overlapped  noise  to  the  signal.  The  analysis  of  the  signals  have  been  carried  out  by  the  density 
power  spectrum  estimate  related  to  each  waveform  using  the  Welch  periodogram  method. 

The  results  shown  an  greater  cases  number  with  TEOAE  response  alterations  in  the  exposed  group  (68%)  respect 
to  control  group  (55,6%).  Besides  in  the  control  group,  in  absence  of  EMF,  more  than  50%  of  the  subjects 
present  TEOAE  response  alterations  probably  due  to  the  random  noise  overlapped  at  the  TEOAE  signal 
Therefore  a  statistic  analysis  has  been  conducted  in  order  to  establish  whether  the  alterations  found  in  the 
exposed  group  are  correlated  with  the  EMF  exposition.  Applying  the  Chi  square  test  the  null  hypothesis  has  been 
tested:  the  two  groups,  exposed  and  control,  are  not  different  in  their  behaviour  in  presence  of  EMF. 

The  test  result  indicates  that  the  distribution  is  not  significant  and  the  null  hypothesis  is  not  rejected.  In  other 
words,  the  difference  between  the  two  groups  is  not  statistically  significant  respect  to  their  TEOAE  responses  in 
presence  or  not  of  EMF,  so  the  variations  are  not  ascribable  at  the  electromagnetic  fields  emitted  by  the  GSM 
cellular  phones  but  probably  to  the  random  noise  overlapped  to  the  TEOAE  signals 
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Abstract 

Modernization  has  led  to  increased  proliferation  of  various  electronic  and  electrical  equipment  in  all  fields 
of  human  life  including  domestic,  industrial,  the  fast  expanding  information  technology  sector  and  above  all  wireless 
telecommunication.  The  increasing  use  of  mobile  telephony  in  our  society  has  brought  focus  and  great  concern  on 
the  health  effects  of  EMFs.  A  number  of  epidemiological,  in  vitro,  in  vivo  studies  have  shown  conflicting, 
inconclusive  and  controversial  reports.  Considering  the  scientific  evidence  from  the  current  scenario,  the  objective 
of  this  epidemiological  study  was  planned  to  assess  the  genotoxic  potential  of  RF-EMF  exposure  from  mobile 
telephony  (800-900MHz).  100  subjects  using  mobile  telephones  for  more  than  three  years,  were  compared  with  80 
age  and  sex  matched  controls.  The  statistical  data  indicated  in  our  study,  involving  Comet  assay  showed  a  lesser 
significance  in  exposed  subjects  compared  to  controls.  The  hormonal  profile  of  melatonin  is  supportive  to  our 
study,  possibly  envisaging  the  role  of  the  hormone  in  EMFs  stress.  Lipid  Peroxidation  assay  also  substantiated  the 
DNA  damage  via  oxidative  stress.  The  comparatively  lesser  significance  reported  from  our  findings  may  have  large 
implications  with  chronic  exposure,  emphasising  the  need  for  health  concern,  amidst  the  environmental  hazard  of 
this  invisible  electromagnetic  pollution. 


Introduction 

The  radiofrequency  (RF)  signals  emitted  from  mobile  phones  are  considered  as  a  type  of  non-ionizing 
electromagnetic  radiation  and  are  perceived  as  health  risk.  More  focus  has  been  brought  on  the  potential  effect  of 
RF-EMFs  to  elicit  biological  response,  in  association  with  its  detrimental  effects  on  widespread  application  and 
long-term  induction.  The  biological  effects  as  a  result  of  RF  exposure  include  changes  in  cell  membrane  function, 
metabolism,  cellular  signal  communication,  activation  of  protooncogenes  and  cell  death.  There  are  scientific 
evidences  on  the  health  hazards  due  to  RF-EMFs,  like  neurodegenerative  disorders,  brain  tumors  and  cancer.  Most 
of  these  reports  are  inconclusive  and  no  convincing  data  has  been  established  on  causal  relation  between  RF  and 
health  risk. 

Mobile  phone  has  become  the  fastest  selling  consumer  product  with  about  1.6  billion  users  worldwide  and 
76  million  users  in  India,  contributing  to  8%  of  the  population.  To  date,  few  epidemiological  studies  have  directly 
examined  the  relationship  of  mobile  phones  to  genomic  instability.  With  a  need  to  arrive  at  a  scientific  consensus, 
an  attempt  has  been  made  to  study  the  genomic  instability  on  human  subjects  exposed  to  mobile  phones  operating  at 
800-900MHz.The  subjects  using  mobile  phones  for  more  than  2  years  were  screened  with  age  and  sex  matched 
controls  with  similar  socioeconomic  status  (non-smokers,  non-alcoholics).  The  frequency  and  duration  of  mobile 
phone  use  along  with  the  model  and  type  of  phone  with  specific  absorption  rate  (SAR)  were  taken  into  account. 

The  whole  body  exposure  of  mobile  phone  radiation  is  hypothesized  to  result  in  structural  rearrangement  of 
DNA  and  increase  in  number  of  single-strand  and  double  strand  DNA  breaks.  The  DNA  damage  was  observed  using 
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single  cell  gel  electrophoresis  SCGE  (comet  assay)  in  which  the  leukocytes  were  isolated,  placed  on  a  microscope 
slide,  lysed,  eventually  electrophoresed  and  silver  stained.  The  DNA  fragmentation  was  assessed  from  the  DNA 
migration  path  length  or  comet  tail  length. 

The  potentially  hazardous  effects  of  electromagnetic  fields  on  melatonin  rhythm  disturbances  remain  to  be 
elucidated.  The  physiological  relevance  of  melatonin  could  be  important  in  the  explanation  of  the  RF-EMFs  effect 
via  oxidative  stress.  The  RF  fields  may  induce  oxidative  stress  that  has  been  implicated  with  increase  in  free 
radicals,  which  mainly  enhance  lipid  peroxidation.  To  substantiate  lipid  peroxidation,  the  level  of  malonyl 
dialdehyde  (MDA)  in  plasma  and  RBCs  was  measured. 

Methodology 
DNA  Integrity 

Single  cell  gel  electrophoresis  or  Comet  assay  (Singh  et  al,  1998)  was  used  to  study  DNA  damage. 
Leukocytes  suspended  in  low-melting  agarose  were  embedded  on  to  a  pre -coated  layer  of  normal  melting  agarose 
and  layered  again  with  low-melting  agarose.  The  cells  were  treated  in  lysing  solution  for  overnight  and  then 
incubated  in  alkaline  electrophoresis  buffer  for  20  minutes  to  facilitate  DNA  unwinding  and  expression  of  alkali 
labile  sites.  Electrophoresis  was  carried  out  for  30minutes  at  300mA  at  0.67V/cm  and  then  neutralized  using  Tris 
buffer.  Silver  stain  technique  was  followed  to  visualize  and  measure  migration  path  length.  200  cells  per  treatment 
was  measured  in  duplicates.  Mean+SD  of  DNA  damage  was  calculated. 

Melatonin  Levels 

Competitive  enzyme  immunoassay  was  performed  for  the  quantitative  determination  of  melatonin  in 
plasma  (IBL  kit.  Germany).  The  sealed  ELISA  plate  consisting  of  equal  proportion  of  sample  (standard,  subject  and 
controls),  melatonin-biotin  and  antiserum  was  incubated  overnight  at  2-8°C.  The  plates  washed  thrice  with  assay 
buffer  and  enzyme  conjugate  was  added  (1:5)  and  incubated  for  2  hours  at  room  temperature.  After  incubation, 
washing  step  was  repeated  and  substrate  p-nitrophenyl  phosphate  (PNPP)  added  to  incubate  for  20  minutes. 
Stopping  solution  was  then  added  to  end  the  substrate  reaction.  Optical  density  was  read  at  405nm. 

Lipid  peroxidation  assay 

Lipid  peroxidation  was  estimated  by  measuring  the  stable  end  product,  malondialdehyde(MDA)  in  plasma 
(Lef  evre  et  al,  1998)  and  RBCs  (Armstrong  and  Browne,  1994  ).  The  protein  free  plasma  was  treated  with 
thiobarbituric  acid  that  forms  a  1:2  adduct  measured  at  535nm  with  spectrophotometer.  Mean  and  +  SD  or  SE  was 
established  for  the  samples.  The  concentration  of  MDA  equivalents  in  nmol/ml  in  samples  were  interpolated  from 
the  standard  curve. 


Results  &  Discussion 

The  findings  from  our  epidemiological  study  show,  some  statistical  significance  in  the  DNA  migration  path 
lengths,  of  the  exposed  subjects  when  compared  with  the  controls.  The  SCGE  (Comet  assay)  demonstrated  a  mean 
of  comet  tail  length  for  control  group  as  6.63  +  0.120  and  for  the  subjects  as  8.26  +  0.092.  Phillips  (1998)  reported, 
DNA  single  strand  breaks  exposed  to  cellular  telephone  frequency  at  813.5  MHz  and  836.5  MHz.  The  protocol  and 
findings  for  evaluating  the  DNA  breaks  is  similar  and  supportive  to  the  present  study.  Similarly,  Gandhi  and  Anita 
(2005)  employed  SCGE  assay  for  assessing  genetic  damage  in  mobile  phone  users  being  exposed  to  800-2000  MHz 
and  reported  a  significant  increase  in  DNA  tail  length  and  micronuclei.  The  Swedish-Norwegian  epidemiological 
study  concluded  a  statistical  significance  between  mobile  phone  users  and  prevalence  of  certain  bioeffects  (Mild  et 
al  1998).  The  in  vitro  study  performed  by  Diem  et  al  2006  indicated  a  stronger  non-thermal  DNA  breakage  effect,  in 
intermittent  exposure  by  mobile  phone  radiation  at  1800MHz.  A  dose  dependent  increase  in  DNA  strand  breaks 
from  microwave  RF  at  low  intensity  levels  as  evaluated  by  Lai  and  Singh  (1995,  1996)  indicate  a  casual  relationship 
between  RF  exposure  and  genetic  damage.  Many  controversial  findings  report  on  non-cooperative  action  between 
the  RF-EMF  exposure  and  induced  DNA  damage  (Annemarie  et  al  2006). 

Few  epidemiological  studies  reported  an  increased  risk  of  brain  tumors  among  analogue  cellular  phone 
users  (Hardell  et  al  2003).  Repacholi  et  al  (1997),  conducted  mice  studies  using  900  MHz  mobile  phone  frequency 
radiation  and  found  a  statistically  significant  2.4  fold  increase  in  lymphoma.  On  the  contrary,  Heynick’s  (2003) 
report  on  epidemiological  studies  showed  no  indication  of  in  vivo  and  in  vitro  exposure  of  RF  field  and  cancer. 


1206 


MOBILE  TELEPHONY  AND  RISK  ASSESSMENT 


Currently,  there  is  insufficient  evidence  to  assess  an  association  between  RF  exposure  and  brain  cancer,  leukaemia, 
or  lymphoma  (ICNIRP,  2004). 

The  sleep  disruption  related  to  radiofrequency  radiation  hypothesized  from  our  findings  for  melatonin 
relevance  has  been  reported  in  several  scientific  studies  (Lai  and  Singh  1998,  Burch  et  al  2002).  Mann  et  al  (1996) 
and  Loughran  et  al  (2005)  observed  that  a  radiofrequency  radiation,  similar  to  digital  mobile  phones  reduced  sleep 
in  humans  altering  the  EEG  (brain  wave)  signals. 

The  increase  in  free  radical  production  for  LPO  activity  shows  a  statistical  significance  (Table  1)  in  the 
exposed  population  compared  to  those  unexposed.  This  observation  is  similar  to  the  data  published  by  Stopczyk  et 
al  2005. 

Despite  both  negative  and  positive  findings  about  the  biological  effects  of  radiofrequencies,  certain  more 
long  term  studies,  better  conceived  and  supported  by,  in  vitro  experimentations  would  envisage  the  possible 
cumulative  effects  on  general  health.  Further,  the  lag  periods  that  have  been  examined  are  short,  where  if  a  longer 
lag  period  of  about  10  years  is  required  for  a  health  effect  to  occur,  it  would  not  be  possible  in  short  exposures  and 
the  results  will  be  difficult  to  interpret. 


Table  1:  RBC  and  Plasma  markers  of  Oxidative  stress  for  Lipid  Peroxidation  (MDA) 


MDA  (nni/mL) 

Control  Group 

Exposed 

Population 

RBC 

0.20  ±0.07 

0.28  ±0.10 

Plasma 

0.21  ±0.1 

0.42  ±0.2 

Data  in  terms  of  Mean  +  SD;  Significant  *  P<0.001 


Summary 

Mobile  telephony,  the  integral  unit  of  modern  telecommunication  and  third  generation  wireless  technology, 
relays  information  with  RF  signals.  The  extensive  use  of  mobile  telephones  has  given  rise  to  public  concern  about 
the  possible  health  effects  that  the  whole -body  exposure  to  RF  signals  may  have.  There  is  a  wide  spread  conviction 
that  electromagnetic  emissions  from  mobile  phones  were  capable  of  significant  biological  tissue  interactions.  The 
temperature  increase  is  insignificant  to  cause  direct  effect  but  certain  scientific  reports  document  increase  in  DNA 
strand  breaks  and  chromosomal  damage  in  cells.  The  non-thermal  resultant  effects  do  include  increased  free  radical 
production,  cell  stress  and  premature  aging,  changing  in  brain  function,  neurodegenerative  conditions,  reduction  in 
melatonin  secretion  and  cancer. 

This  epidemiological  study,  assesses  the  long-term  human  health  risk  from  RF-EMF  exposure  for  genomic 
instability.  Some  individuals  have  reported  to  experience  certain  non-specific  symptoms  such  as  sleeplessness, 
fatigue  and  headache.  The  levels  of  melatonin  and  the  oxidative  stress  marker,  MDA  could  substantiate  in 
hypothesizing  the  correlation  of  non-specific  symptoms  and  whole  body  exposure  to  mobile  phones.  The  effects  of 
the  RF-EMFs  on  genomic  instability  determined  by  SCGE  assay  in  our  study  showed  lesser  statistical  significance 
from  the  control  population.  The  results  are  expressed  in  terms  of  an  estimate  of  relative  risk,  ie  the  multiplier  by 
which  risk  is  higher  in  people  exposed  to  the  RF-EMF  of  mobile  telephony  than  in  unexposed  group.  However,  the 
findings  and  scientific  interpretations  drawn  from  this  epidemiological  study  about  the  potential  risk  from  mobile 
telephony  might  not  be  sufficient  to  arrive  at  a  consensus.  But  possible  implications  on  long  term  and  chronic 
exposure  to  mobile  phone  use  could  be  made. 
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Abstract 

The  effects  of  exposure  to  radiofrequency  fields  on  germination  and  seedlings  growth  were 
investigated  in  lettuce  (Lactuca  sativa  L.),  tomato  ( Lycopersicum  esculentum  L.)  and  onion  (Allium 
cepa  L.).  Seeds  were  exposed  to  continuous  EMF  (23  V  m"1)  at  400  and  900  MHz  for  2  and  4  h  as  well 
as  to  modulated  field  (80%  AM  1  kHz  sinus)  for  2  h  in  GTEM-cell.  At  400  MHz,  inhibition  of  lettuce 
germination  was  noticed  after  2  h  of  exposure  to  continuous  RF-EMF  while  the  growth  of  lettuce  and 
tomato  was  decreased  after  4  and  2  h  of  exposure,  respectively.  Contrary,  the  growth  of  onion  was 
increased  after  2  h  of  exposure  to  continuous  RF-EMF.  At  900  MHz,  increased  germination  of  tomato 
was  observed  after  exposure  to  modulated  field.  At  this  frequency,  the  growth  of  lettuce  increased  after 
4  h  of  exposure  to  continuous  RF-EMF  while  the  growth  of  onion  increased  also  after  exposure  to 
modulated  field.  On  the  other  hand,  the  growth  of  tomato  decreased  after  2  and  4  h  of  exposure  to 
continuous  RF-EMF.  Results  indicate  that  seedlings  growth  was  more  sensitive  to  RF-EMF  exposure 
than  germination  and  that  the  effects  depended  on  field  and  exposure  characteristics  as  well  as  plant 
species. 

INTRODUCTION 

Various  kinds  of  radiofrequency  electromagnetic  fields  (RF-EMF)  from  30  kHz  to  300  GHz  are  used  to 
transmit  information  (TV,  radio,  mobile  phones  and  satellite  communications).  Although  classified  as 
nonionizing,  these  fields  can  have  various  biological  effects  including  changes  in  the  cell  membrane’s 
permeability  and  interferences  with  ions  and  molecules  like  DNA  and  proteins  (Kwee  &  Raskmark 
1998,  Kwee  et  al.  2001,  Banik  et  al.  2003). 

Germinating  seeds  and  seedlings  subjected  to  environmental  stresses  could  failure  to  cope  with  the 
adverse  effects  which  results  in  poor  germination,  disturbed  seedling  development,  and  eventually 
reduced  crop  yields.  Only  few  investigations  about  effects  of  RF-EMF  exposure  on  seed  germination 
and  early  plant  growth  have  been  reported  so  far  with  various  results  (Jonas  1952,  Nelson  &  Walker 
1961). 

In  this  work  the  effects  of  exposure  to  EMF  at  400  and  900  MHz  on  germination  of  lettuce  ( Lactuca 
saliva ),  tomato  ( Lycopersicum  esculentum )  and  onion  (Allium  cepa )  seeds  as  well  as  some  parameters 
of  seedlings  early  growth  were  investigated. 

Determination  of  germination  and  early  growth 

Seeds  of  Lactuca  sativa  F.  (“Unicum”),  Lycopersicum  esculentum  F.  (“Marglobe”)  and  Allium  cepa  L. 
(“Srebrnjak”)  were  placed  in  plastic  Petri  dish  on  filter  paper  wetted  with  distilled  water.  The  Petri 
dishes  were  maintained  for  12  h  at  24  +  2  °C  in  the  darkness  and  then  subjected  to  EMF.  During 
exposure  control  was  kept  in  the  same  growth  conditions  (24  +  2  °C,  darkness)  as  seeds  exposed  to 
EMF  but  in  the  field-free  environment.  Three  replicates  of  15  seeds  were  used  in  each  treatment. 
Protrusion  of  the  radicle  was  the  criterion  used  for  germinated  seed.  After  germination  seedlings  were 
watered  every  day  and  their  root  and  shoot  length  as  well  as  fresh  weight  was  measured  after  four  days 
(lettuce)  or  seven  days  (tomato  and  onion).  All  results  were  expressed  as  means  followed  by  the 
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corresponding  standard  errors.  Significant  differences  between  means  (P  <  0.05)  were  established  by 
one-way  ANOVA  followed  by  Duncan's  multiple  range  test  (STATISTICA  6.0)  and  presented  in  the 
Figures  with  asterisks  (*). 

Exposure  to  radiofrequencies  fields 

For  generation  of  RF-EMFs  Gigahertz  Transversal  Electromagnetic  (GTEM)  cell  (Fig.  1.)  was  used 
(Tkalec  et  al.  2005).  In  GTEM-cell,  electric  and  magnetic  field  exist  at  the  same  time  and  they  are 
perpendicular  to  the  wave  propagation  direction.  Besides  the  GTEM-cell,  a  signal  generator  with 
continuous  wave  and  an  amplifier  was  also  needed. 

Seeds  in  plastic  Petri  dishes  were  exposed  in  GTEM  cell  to  the  continuous  EMFs  of  400  and  900  MHz 
at  field  strengths  of  23  V  m'1  for  2  and  4  hours  as  well  as  modulated  EMF  (80%  AM  1  kHz  sinus)  for 
2  h.  Petri  dishes  were  placed  in  parallel,  perpendicular  to  the  electric  field,  in  the  area  where  field  was 
uniform  with  required  field  levels  (Fig.  2). 


Signal  generator  Linear  amplifler  GTEM-cell 


Figure  1.  Instruments  used  for  the  exposure  to  RF-EMF:  GTEM-cell,  HP  8657A  signal  generator  and  5 
W  MiniCircuits  amplifier. 


petri  dishes 
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Figure  2.  Position  of  Petri  dishes  (d= 9  cm,  h=  1 .5  cm)  in  GTEM-cell:  below  the  septum  (A),  in  respect 
to  the  direction  of  wave  propagation,  z  (B). 
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RESULTS 

Seed  germination 

The  exposure  of  seeds  to  continuous  EMF  at  field  frequency  of  400  MHz  and  strength  of  23  V  m'1  for  4 
h  as  well  as  to  modulated  field  at  the  same  frequency  and  strength  for  2  h  did  not  have  significant  effect 
on  germination  of  lettuce  ( Lactuca  sativa),  tomato  (Lycopersicum  esculentum)  and  onion  ( Allium  cepa) 
seeds  in  comparison  with  non-exposed  seeds.  On  the  other  hand,  exposure  to  continuous  field  at  400 
MHz  and  23  V  m"1  for  2  h  inhibited  lettuce  germination  (Figure  3A). 

The  exposure  of  seeds  to  continuous  EMF  at  field  frequency  of  900  MHz  and  strength  of  23  V  m'1  for 
4  h  as  well  as  to  modulated  field  at  the  same  frequency  and  strength  for  2  h  also  did  not  have 
significant  effect  on  germination  of  seeds.  The  exception  was  stimulation  of  tomato  germination 
noticed  after  exposure  to  modulated  field  at  23  V  m'1  for  2  h  (Figure  3B). 


23  V/m,  2  h  23  V/m,  4  h  23  V/m,  2h, 

modulation 


Figure  3.  Germinated  seeds  (%)  of  lettuce  ( Lactuca  sativa),  tomato  ( Lycopersicum  esculentum )  and 
onion  ( Allium  cepa)  seeds  after  exposure  at  400  and  900  MHz  to  continuous  field  at  23 
V  m"1  for  2  and  4  h  and  to  modulated  field  for  2  h.  Data  represent  means  +  SE  (n  =  45). 
Control  (non-exposed  seeds)  is  expressed  as  100  %.  Significant  differences  between 
exposed  and  non-exposed  seeds  at  P  <  0.05  are  marked  with  asterisk  (*). 
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Early  growth  of  seedlings 

The  growth  of  lettuce  seedlings  measured  as  root  and  shoots  length  and  seedling  fresh  weight  was 
neither  affected  by  exposure  for  2  h  to  continuous  nor  modulated  EMF  at  400  MHz  and  23  V  m"1.  But, 
lettuce  root  length  and  fresh  weight  decreased  after  exposure  for  4  h  to  continuous  EMF  at  the  same 
frequency  and  strength  (Fig  4A). 

Root  and  shoot  length  and  fresh  weight  of  tomato  seedlings  decreased  after  exposure  for  2  h  to  the 
continuous  field  at  400  MHz  and  23  V  m"1  while  exposure  to  the  modulated  field  and  longer  exposure 
to  the  continuous  field  at  the  same  frequency  and  strength  did  not  affect  tomato  growth  significantly 
(Fig.  4B). 

The  growth  of  onion  seedlings  was  not  significantly  impaired  after  exposure  to  EMFs  at  400  MHz 
except  increase  of  shoot  length  noticed  after  exposure  for  2  h  to  the  continuous  field  at  23  V  m"1  (Fig. 
4C). 


A 


23  V/m,  2  h  23  V/m,  4  h  23  V/m,  2h, 

modulation 


Figure  4.  Root  and  shoot  length  as  well  as  fresh  weight  of  lettuce  (A),  tomato  (B)  and  onion  (C) 
seedlings  after  exposure  at  400  MHz  to  continuous  field  at  23  V  m"1  for  2  and  4  h  and  to 
modulated  field  for  2  h.  Data  represent  means  +  SE  (n  =  45).  Control  (non-exposed  seeds)  is 
expressed  as  100  %.  Significant  differences  between  exposed  and  non-exposed  seeds  at  P  < 
0.05  are  marked  with  asterisk  (*). 
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At  900  MHz  the  early  growth  of  lettuce  seedlings,  similarly  as  at  400  MHz,  was  neither  affected  by 
exposure  to  continuous  nor  modulated  field  at  23  V  m"1  for  2  h.  However,  at  this  frequency,  lettuce 
shoot  length  and  fresh  weight  significantly  increased  after  exposure  for  4  h  to  continuous  EMF  (Fig 
5A). 

The  growth  of  tomato  seedlings  measured  as  fresh  weight  significantly  decreased  after  exposure  for  2  h 
to  continuous  field  at  900  MHz  and  23  V  m"1,  similarly  as  after  exposure  at  400  MHz,  but  at  this 
frequency  longer  exposure  to  the  field  had  the  same  effect  (Fig.  5B). 

The  growth  of  onion  seedlings  at  900  MHz,  like  lettuce  growth,  significantly  increased  after  exposure 
for  4  h  to  the  continuous  field  at  23  V  m'1  as  well  as  after  exposure  to  modulated  field  (Fig.  5C). 


□  Root  lenght 


23  V/m,  2  h  23  V/m,  4  h  23  V/m,  2h, 

modulation 


Figure  5.  Root  and  shoot  length  as  well  as  fresh  weight  of  lettuce  (A),  tomato  (B)  and  onion  (C) 
seedlings  after  exposure  at  900  MHz  to  continuous  field  at  23  V  m"1  for  2  and  4  h  and  to 
modulated  field  for  2  h.  Data  represent  means  +  SE  (n  =  45).  Control  (non-exposed  seeds)  is 
expressed  as  100  %.  Significant  differences  between  exposed  and  non-exposed  seeds  at  P  < 
0.05  are  marked  with  asterisk  (*). 
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Summary 

The  effect  of  radiofrequency  electromagnetic  fields  (RF-EMF)  on  seeds  germination  and  early  plant 
growth  has  been  investigated.  At  400  MHz,  the  exposure  to  continuous  field  at  23  V  m'1  for  2  h 
inhibited  the  lettuce  germination  while  longer  exposure  decreased  the  growth  of  lettuce  seedlings.  At 
this  frequency  after  2  h  of  exposure  to  the  continuous  field  growth  of  tomato  seedlings  was  decreased, 
but  the  growth  of  onion  seedlings  significantly  increased.  At  900  MHz,  germination  of  tomato  seeds 
was  increased  after  exposure  to  modulated  field  at  23  V  m'1  as  well  as  the  growth  of  onion  seedlings. 
The  growth  of  lettuce  and  onion  seedlings  significantly  increased  after  4  h  of  exposure  to  continuous 
field  at  this  frequency  while,  on  the  other  hand,  the  tomato  growth  decreased  after  2  and  4  h  of 
exposure.  Obtained  results  indicated  that  seedlings  growth  was  more  sensitive  to  RF-EMF  exposure 
than  germination  and  that  the  effects  of  RF  exposure  on  plant  germination  and  growth  could  be  positive 
as  well  as  negative  depending  not  only  on  field  and  exposure  characteristics  but  on  plant  species  as 
well. 
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Abstract 

Over  the  past  3  decades  the  actions  of  Radio-frequency  EMF  (RF)  on  biological  systems  have  been 
examined  extensively,  concurrently  with  investigations  into  the  generation  of  free  radicals  and  reactive 
oxygen  species  under  stress  conditions.  Biological  systems  endure  complex  environments  where 
countless  interactions  among  myriad  different  factors  are  important  to  our  understanding  the 
pathophysiological  mechanisms  and  events  by  which  RF  may  induce  the  activation  or  suppression  of 
natural  occurring  antioxidant  systems. 

A  total  of  75  rats  were  exposed  to  2  frequencies  of  RF  (SAR=0.5  W/kg):  (n=25,  sham  exposure; 
n=25,  900  MHz;  n=25,  1800  MHz).  After  a  30  min  exposure  period,  blood  plasma  levels  showed 
increased  levels  of  both  catalase  (CAT)  and  superoxide  dismutase  (SOD)  and  total  glutathione 
peroxidase  (GSH-Px).  After  initiating  RF  exposures  at  900  MHz  and  1800  MHz,  animals  at  each  5  min 
interval  (5min  (n=5);  lOmin  (n=5);  15min(n=5);  20min  (n=5);  25min  (n=5)),  showed  increasing  levels 
of  malondialdehyde  (MDA)  (lipid  peroxidation  product).  After  10-th  minute  from  the  beginning  of 
exposure  simultaneous  increasing  of  SOD,  CAT  and  GSH-Px  concentrations  in  rat  blood  plasma 
appear.  No  statistically  significant  differences  in  these  blood  plasma  products  were  observed  between 
the  2  RF  exposures  used.  Our  results  are  in  good  agreement  with  previous  investigations  examining 
free  radical  generation  in  the  early  stages  of  EMF  exposure.  Radio-frequency  EMF  may  affect 
biological  systems  by  increasing  the  lifespan  of  reactive  oxygen  species. 

Introduction 

Studies  of  electromagnetic  field  promotion  of  free  radical  formation  are  provided  widely  and 
significant  effects  are  obtained  in  low  frequencies  of  electromagnetic  field  spectrum,  which  are 
predominant.  According  BordiushkovJuN,  et  al.  2000  low  frequency  EMF,  increase  2  fold  SOD 
activity.  Katsir.G.  and  Parola.A.H.  2002  showed  indirectly  changes  of  catalase  activity  by  low 
frequency  EMF. 

High  frequency  EMF  may  affect  biological  systems  by  increasing  free  radicals,  which  appear  mainly  to 
enhance  lipid  peroxidation,  and  by  changing  the  antioxidase  activities  of  human  blood  which  leading  to 
oxidative  stress. 
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ACUTE  EFFECTS  ON  OXIDATIVE  STRESS  MARKERS  OF  HIGH  FREQUENCY 
ELECTROMAGNETIC  FIELD  900  AND  1800  MHz  IN  RATS-  PRELIMINARY 
EXPERIMENTS 

Influence  of  high  frequency  EMF  on  Antioxidant  enzymes  activity  at  model  systems  in  vitro  correlative 
analysis  of  SOD  activity  and  MDA  concentration  in  human  blood  platelets  at  900  MHz  exposure  for 
different  time  intervals  have  been  investigated  by  Stopczyk,D.  [Stopczyk.D.  et  al  2002;  Stopczyk.D.  et 
al.  2005],  they  obtained  significant  increase  of  both  levels  of  MDA  and  SOD  after  7  min  exposure. 
Again  at  in  vitro  experiments  Hook.G.J  et  al.  2004  find  out  that  the  levels  of  activities  of  superoxide 
dismutase  (SOD),  total  glutathione  peroxidase  (GSH-Px)  are  increased  by  847.74  MHz  (CDMA)  RF 
EMF. 

Other  investigations  of  RF  EMF  action  at  systems  in  vivo  with  healthy  volunteers  showed  that,  after 
RF  EMF  exposure  lipid  peroxide  and  the  activities  of  superoxide  dismutase  (SOD),  total  glutathione 
peroxidase  (GSH-Px)  and  catalase  levels  are  measured.  The  results  obtained  showed  that  the  plasma 
level  of  lipid  peroxide  was  significantly  increased  after  1,  2  and  4  h  of  exposure  to  RF  EMF.  Moreover, 
the  activities  of  SOD  and  GSH-Px  in  human  erythrocytes  showed  significant  reduction  while  the 
activity  of  catalase  in  human  erythrocytes  did  not  decrease  significantly.  These  results  indicate  that 
acute  exposure  to  RF  EMF  of  commercially  available  cellular  phones  may  modulate  the  oxidative 
stress  of  free  radicals  by  enhancing  lipid  peroxidation  and  reducing  the  activation  of  SOD  and  GSH-Px, 
which  are  free  radical  scavengers.  Therefore,  these  results  support  the  interaction  of  radiofrequency 
fields  of  cellular  phones  with  biological  systems  [Moustafa,Y.M.  et  al  2001] 

Free  radical  processes  in  living  organism  could  be  impact  by  exogenic  way  as  follow: 

•  direct  reducing  of  abnormal  production  of  ROS  by  means  of  antioxidant  molecules; 

•  by  inactivation  of  already  formed  prooxidants; 

•  by  means  of  phagocyte  inhibitors  or  by  COX  inhibitors. 

In  our  experiments  we  divided  experimental  animals  by  groups  according  time  intervals  each  interval 
has  a  5  min  by  three  investigated  groups  (Sham,  Exposed  900,  Exposed  1800  MHz)  and  estimate  four 
parameters  MDA  concentration  and  SOD,  CAT,  and  GSH-Px  enzyme  activity. 


Exposure 

Mean  Enzyme 
activity  Rel.U. 

Sham  exposed 

900 

[MHz] 

1800 

[MHz] 

SOD 

2.31+0.201 

2.66+0.495 

3.56+0.172 

CAT 

2.03+0.201 

2.49+0.436 

2.56+0.432 

GSH-Px 

2.42+0.201 

2.19+0.695 

2.48+0.373 

Anti-oxidative  activity 

Fluorescent  analysis  were  applied  for  investigation  of  concentrations  of  antioxidant  enzymes  (SOD, 
CAT,  and  total  GSH)  when  their  concentration  where  measured  we  calculated  their  activity  per  protein 
concentration  and  velocity  of  substrate  catalysis. 

TBARS-test  (Thiobarbituric  Acid  Reactive  Substances)  was  applied  for  in  vivo  registration  of 
MDA  derivates.  The  influence  on  the  ROS  formation  in  liposome  suspensions  was  investigated  by 
measurement  of  MDA  (malondialdehyde),  which  is  the  final  product  of  lipid  peroxidation  in  the  same 
model  systems.  The  sensitivity  of  TBARS  has  made  this  assay  the  method  of  choice  for  screening  and 
monitoring  lipid  peroxidation,  a  major  indicator  of  oxidative  stress  [Armstrong,  D.  and  Browne,  R. 
1994;  Yagi,  K,  1998].  Some  modifications  made  possible  the  application  of  this  rapid  procedure  at 
animal  biological  tissues  [lanero,  D.  1998].  Despite  of  some  controversy  regarding  the  specificity  of 
TBARS  toward  compounds  other  than  MDA,  the  test  remains  the  most  widely  employed  assay  used  to 
determine  lipid  peroxidation  [Armstrong,  D.  and  Browne,  R.  1994]. 

According  to  TBARS-test,  MDA  is  captured  by  thiobarbituric  acid  in  a  colored  product 
comprising  532  nm  chromophore  by  means  of  condensation  presented  in  Figure  3: 
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Figure  3.  Condensation  of  TBA  with  MDA  and  creation  of  532  nm  chromophore 


The  concentration  of  MDA  as  a  product  of  lipid  peroxidation  is  calculated  from  the  molar 
extinction  coefficient  (E)  as  specified  below. 

The  samples  were  centrifuged  at  3000  rpm  for  10  min,  the  supernatant  was  taken  off 
and  1.8  ml  of  0.5%  thiobarbituric  acid  was  added  to  2  ml  of  supernatant.  The  resulted  solution  was 
incubated  at  90°C  for  40  min  to  obtain  pink  color  with  kmax  =  532  nm  [Asakawa,  T.  and  Matsushita,  S. 
1980].  The  molar  extinction  coefficient  (E)  was  measured  at  532  nm  with  spectrophotometer  (Cecile- 
3000)  with  polystyrene  quvettes. 

ANOVA  statistical  method  for  evaluation  of  significance  of  the  present  results  were  applied, 
Bonferoni  test  for  statistical  significance  in  the  range  P>0.05  were  applied  and  results  are  presented  as 
+S.D. 


Results 

We  obtained  time  dependence  of  high  frequency  EMF  action  at  in  vivo  systems  by  means  consequence 
measurements  of  concentration  of  oxidative  stress  marker  (MDA)  and  antioxidant  enzymes  activity 


900  MHz 


a  Sham  Exposed 
B  5  min 

□  10  min 

□  15  min 
B  20  min 
IE  25  min 


MDA 


CAT 


GSH-Px 


SOD 


For  900  MHz  exposure  we  obtained  significant  changes  at  MDA  concentration  at  15  min.  after 
beginning  of  exposure  and  for  25-th  minutes  we  obtained  maximum  of  SOD  concentration. 
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1800  MHz 


s  Sham  Exposed 
E  5  min 
□  10  min 
B  15  min 
B  20  min 
IB  25  min 


MDA 


CAT 


GSH-Px 


SOD 


For  1800  MHz  exposure  we  obtained  significant  changes  at  MDA  concentration  at  10  min.  after 
beginning  of  exposure  and  for  25-th  minutes  we  obtained  maximum  of  SOD  concentration.  Other 
enzymes  CAT  and  GSH-Px,  have  smaller  but  also  significant  increase  of  their  concentrations  in 
comparison  with  sham  exposed  group.  Between  two  exposed  groups  have  no  significant  differences 
therefore  we  can  claim  for  any  frequency  dependence  of  RF  EMF  action. 

It  have  been  measured  tendency  for  increasing  of  life  span  of  ROS  formation  and  in  parallel  with  that 
increasing  of  concentration  of  anti-oxidant  enzymes,  but  with  significant  time-delay. 


Summary 

On  the  base  of  our  results  we  can  conclude  that  oxidative  stress  after  exposure  to  RF  EMF  may  be  the 
reason  for  many  adverse  changes  in  cells  and  may  cause  a  number  of  systemic  disturbances  in  the 
human  body 
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Abstract 

Aim  of  this  study  was  to  examine  whether  2.45  GHz  irradiation  has  effects  on  rats’  nocturnal  urinary  6- 
sulfatoxymelatonin  (6SM)  excretion.  Urinalysis  parameters  after  whole-body  exposure  of  two  hours  per 
day,  five  days  a  week,  throughout  fifteen  days  lasting  experiment  was  followed-up.  The  average  specific 
absorption  rate  (SAR)  was  calculated  to  1.25  (±0.36)  W/kg.  The  concentration  of  6SM  in  urine  samples 
was  determined  by  direct  radioimmunoassay  kit  (Stockgrand  Ltd.,  Guildford,  UK).  Urinary  glucose, 
bilirubin,  ketones,  specific  gravity,  blood,  pH,  protein,  urobilinogen,  nitrite  and  leukocytes  appearance 
has  been  accomplished  by  means  of  multiple  reagent  strips  (N-Multistix®  Bayer  Diagnostic,  UK).  In 
comparison  to  the  sham-exposed  group,  no  significant  changes  in  body  temperature  or  food  and  water 
intake  were  observed.  Delayed  significant  decline  in  6SM  of  irradiated  rats  has  been  obtained  between 
days  eight  and  eleven.  Until  the  end  of  experiment  6SM  level  remained  low.  The  results  of  urinary  pH, 
glucose,  bilirubin,  ketones,  specific  gravity,  blood,  protein,  urobilinogen,  nitrite,  leukocyte  appearance  in 
the  urine  indicated  no  significant  differences  between  treated  and  control  group.  In  conclusion:  it  is  likely 
that  applied  microwave  field  poses  capacity  to  affect  the  hormone  melatonin  balance  in  rats  after 
repeated  exposure. 

Introduction 

Current  scientific  effort  is  based  on  the  growing  recognition  that  low-intensity  radiofrequency  microwave 
(RF/MW)  exposure  can  be  detected  in  living  tissues  and  result  in  well-defined  bioeffects.  Because 
mechanisms  involved  into  the  complexity  of  RF/MW  biological  activity  are  multiple,  animal  studies  play 
an  important  role  in  evaluating  the  complex  reactions  of  various  body  systems.  Systems  like  nervous, 
haematopoietic  or  immune  are  largely  responsible  for  homeostasis  -  the  essential  maintenance  of  the 
internal  environment.  Co-coordinated,  interdependent  response  of  these  systems  when  challenged  by 
potentially  damaging  stimuli  could  be  easier  reproduced  in  contrast  to  a  human  study  [1,  2].  One  of 
straightforward  approach  with  comprehensive  output  of  possible  elucidation  how  RF/MW  affects  living 
organisms,  certainly  could  be  covered  by  melatonin  hypothesis  [3].  Hypothesis  that  melatonin  as 
oncostatic,  or  inhibitor  of  cancer  cell  growth  or  it  is  effect  on  immune  system,  along  with  the  report  that 
EMF  could  alter  its  oncostatic  properties  [4].  There  are  three  postulates  how  EMF  could  be  acting 
through  the  melatonin  pathway.  EMF  could  lower  melatonin  concentration,  resulting  in  increased 
estrogen  and  prolactin  levels,  and  consequently  increase  hormonally-mediated  cancers.  Further,  lower 
melatonin  levels,  with  melatonin  acting  as  an  antioxidant,  could  result  in  increased  susceptibility  to  DNA 
damage.  This  may  result  in  a  general  increase  in  risk  for  a  variety  of  cancers.  Finally,  EMF  may  affect 
the  effectiveness  of  melatonin  for  inhibiting  cell  proliferation.  This  mechanism  could  be  relevant  to 
cancer  in  general  [3].  Several  studies  show  that  EMF  across  the  spectrum  from  extremely  low 
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frequencies  (ELF)  to  RF/MW  reduces  melatonin  in  animals  and  people  [5].  Light  going  through  our  eyes 
passes  a  message  to  the  pineal  glands  in  the  brain  which  slows  down  the  production  of  melatonin  during 
the  day  time.  At  night  the  production  of  melatonin  is  speeded  up.  Melatonin  is  considered  to  scavenge 
cancer  cells  and  impurities  in  our  bodies  and  boost  the  immune  system.  Non-ionizing  radiation  is 
supposed  to  act  on  the  pineal  gland  and  suppress  the  night-time  melatonin  to  daytime  levels;  hence  the 
good  work  of  the  melatonin  at  night  will  be  restricted  leading  to  suppression  of  the  immune  system  [6] . 
Otherwise,  melatonin  circadian  profile  was  not  been  disrupted  in  37  young  male  volunteers  submitted  to 
the  EMFs  of  900  and  1800  MHz  frequency  field  [7].  Additionally,  both  continuous  and/or  pulsed  900 
MHz  field  exposure  for  15  min  to  6  hours  at  day  or  night  had  no  notable  effect  on  pineal  melatonin 
synthesis  in  rodents  [8]. 

There  has  been  insufficient  research  on  the  effects  of  RF/MW  on  melatonin  excretion  level,  and 
the  few  existing  studies  do  not  provide  clear  information  about  such  effects.  As  urinary  6- 
sulfatoxymelatonin  (6SM)  appears  to  be  the  main  metabolic  end  product  of  pineal  melatonin  hormone, 
the  aim  of  this  investigation  was  to  examine  whether  2.45  GHz  exposure  has  effects  on  rats’  nocturnal 
urinary  6SM  along  with.  Urinalysis  parameters  after  exposure  were  also  studied. 

Materials  and  Methods 

Male  Wistar  rats  (13  week  old,  approximate  body  weight  450  g)  had  passed  through  a  week 
accommodation  period.  Both  sham-exposed  control  (n=10)  and  exposed  animal  group  (n=10)  were  kept 
in  steady-state  microenvironment  conditions  (22  °C  +  1  °C),  receiving  standard  laboratory  food  and  water 
from  7:00  AM  till  7:00  PM,  with  alternating  12-hours  light  and  dark  cycles.  The  animals  were  exposed  to 
2.45  GHz  continuous  waves  two  hours  daily,  five  days  a  week  every  day  between  8:00  AM  and  10:00 
AM.  The  animals  were  exposed  to  RF/MW  source  (modified  Micro-Chef  Moulinex  generator,  900  W, 
2.45  GHz)  in  individual  Plexiglas  cages.  Rats  were  irradiated  separately  at  the  same  time.  The  field 
power  density  within  the  cages  was  measured  by  EM  Radiation  Monitor,  EMR-20  and  8.2,  Wandel  & 
Golterman  GmbH  &  Co.  Germany,  at  “average  mode”.  The  exposures  were  conducted  with  a  field  power 
density  of  5-10  mW/cm2.  Specific  absorption  rate  (SAR)  was  estimated  according  to  radiation  dosimetry 
handbook  [9].  The  average  whole-body  SAR  value  was  calculated  to  be  1.25  (±0.36  SE)  W/kg. 
According  to  recent  literature  calculated  SAR  of  this  range  excludes  thermal  stress  in  rats  [10].  The 
animals  did  not  receive  food  or  water  during  exposure  sessions.  The  experiment  lasted  fifteen  days.  The 
rectal  body  temperature  was  measured  by  Thermo  Scan  thermometer  (Braun  GmbH,  Germany)  before 
and  after  the  treatment.  No  significant  changes  in  body  temperature  were  observed.  Control  animals  were 
handled  as  the  treated  ones,  but  without  RF  irradiation.  In  order  to  collect  nocturnal  urine,  both,  control 
and  exposed  animals  were  held  individually  in  metabolic  cages  every  night,  from  7:00  PM  till  7:00  AM 
next  day.  The  volume  of  collected  urine  was  measured.  The  concentration  of  6SM  in  rat  urine  samples 
was  determined  by  direct  radioimmunoassay  kit  (Stockgrand  Ltd.,  Guildford,  UK).  To  get  a  quick 
overview  into  the  urinary  biochemical  parameters,  a  rapid  screening  test  has  been  performed.  Nocturnal 
urinary  glucose,  bilirubin,  ketones,  specific  gravity,  blood,  pH,  protein,  urobilinogen,  nitrite  and 
leucocyte  manifestation  has  been  accomplished  by  multiple  reagent  strips  (N-Multistix®  Bayer 
Diagnostic,  UK).  During  or  after  exposure  procedure  no  changes  were  observed  neither  in  food/water 
intake  or  behavioral  pattern.  The  results  were  statistically  evaluated  using  Mann- Whitney  and  Kruskal- 
Wallis  tests  [11]. 

Results 

When  we  conducted  the  6SM  test  after  2.45  GHz  rats’  whole -body  microwave  irradiation,  samples  of 
urine  were  collected  every  morning  at  the  same  time  during  the  fifteen  days  lasted  experiment.  The  time- 
course  of  nocturnal  6SM  in  rat  urine  samples  during  the  2.45  GHz  exposure  of  2  hours  a  day,  5  days  a 
week  is  presented  at  Figure  1.  In  comparison  with  sham-control  animal  group  the  significant  decline  in 
6SM  of  irradiated  rats  has  been  obtained  between  experimental  days  eight  and  eleven  (p<0.05).  Reduced 
metabolic  end  product  of  melatonin  appears  to  be  consequence  of  cumulative  RF/MW  irradiation.  The 
6SM  level  in  urine  of  exposed  animal  group  remained  low  until  the  end  of  the  experiment,  but  it  has  not 
significantly  differed  in  comparison  with  the  sham-control  ones. 

The  semi-quantitative  biochemical  findings  in  nocturnal  urine  samples  during  the  2.45  GHz 
exposure  of  2  hours  a  day,  5  days  a  week  is  presented  at  Figure  2.  The  results  of  urinary  pH,  glucose, 
bilirubin,  ketones,  specific  gravity,  blood,  protein,  urobilinogen,  nitrite,  leukocyte  appearance  in  the 
nocturnal  urine  indicated  no  significant  differences  between  treated  and  control  animal  group. 
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Figure  1.  The  time-course  of  nocturnal  melatonin  metabolite;  6-sulphaxymelatonin  (6SM)  in  rat  urine 
samples  during  the  2.45  GHz  exposure  and  matched  sham-controls  (*significant  difference  p<0.05) 
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Figure  2.  Semi-quantitative  biochemical  findings  (urinary  pH,  bilirubin,  ketones,  protein)  in  nocturnal 
urine  samples  during  the  2.45  GHz  irradiated  and  sham-exposed  control  rats 
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Discussion 

Interest  in  melatonin  is  that  it  could  help  explain  results  of  some  studies  on  unsafe  EMF  biological 
potency  across  the  spectrum  from  ELF  to  RF/  MW  by  means  of  the  reasonable  underlying  mechanisms 
of  action.  Melatonin  has  been  reported  to  block  RF/EM  radiation-induced  DNA  strand  breaks  in  rat  brain 
cells  and  slow  the  growth  of  some  preneoplastic  lesions  in  rats  in  relation  to  the  influence  of  EM 
exposure  [12,  13].  Studies  on  small  animals  provide  the  strongest  data  supporting  the  hypothesis  that  EM 
field  suppresses  melatonin.  It  gives  the  impression  that  EMF  suppresses  different  elements  of  melatonin 
biosynthesis,  specifically  secretion  and  metabolism  [4,  14,  15,  16].  On  the  other  hand,  chronic  exposure 
of  lambs  to  the  environmental  electric  and  magnetic  fields  revealed  that  EMF  does  not  affect  the 
mechanism  underlying  the  generation  of  the  circadian  pattern  of  melatonin  secretion  [17].  Additionally, 
Stark  et  ah,  call  attention  to  the  absence  of  chronic  RF  exposure  effect  on  salivary  melatonin 
concentrations  in  cattle,  along  with  Vollrath’s  group  who  found  no  short-term  effect  of  high  frequency 
RF  exposure  on  the  mammalian  pineal  gland  and  melatonin  synthesis  [18,  8].  Recent  investigations 
suggest  that  short  term  exposure  to  1439  MHz  field  does  not  alter  melatonin  synthesis  in  rats,  and  two 
hours  daily  exposure  to  the  900  and  1800  MHz  during  14  day  period  achieve  no  effect  on  6SM  excretion 
in  rats  [19,  20].  We  studied  whether  2.45  GHz  frequency  field  has  demonstrable  effects  on  nocturnal 
urinary  6SM  level  and  urinalysis  parameters  in  rats  after  exposure  of  two  hours  a  day,  five  days  a  week 
exposure.  The  animals  were  not  irradiated  for  two  days  on  weekends.  Major  decline  in  6SM  excretion  in 
microwave  exposed  rats  has  been  obtained  between  experimental  days  eight  and  eleven  (p<0.05). 
Reduction  in  melatonin  metabolite  levels  seems  to  be  consequence  of  increasing  RF/MW  irradiation  over 
the  time.  Obtained  effects  appeared  after  repeated  exposure,  but  apparently  not  leading  into  the 
irreparable  damage.  Recovery  of  6SM  urinary  excretion  is  likely  related  to  absence  of  irradiation  on 
experimental  day  thirteen  and  fourteen.  The  findings  reveal  that  urinary  melatonin  metabolite  could  be  a 
sensitive  marker  of  RF/MW  biological  potency  (Figure  1).  Accordingly,  it  is  in  agreement  with  Lai’s 
statement  that:  “Existing  results  indicate  changes  in  the  response  characteristics  of  the  nervous  system 
with  repeated  exposure  suggesting  that  the  effects  are  not  “forgotten"  after  each  episode  of  exposure” 
[21].  The  semi-quantitative  biochemical  findings  in  nocturnal  urine  indicated  that  applied  2.45  GHz 
exposure  does  not  influence  glucose,  bilirubin,  ketones,  blood,  protein,  urobilinogen,  nitrite,  leukocyte 
appearance  as  well  as  urinary  pH  and  specific  gravity  (Figure  2).  The  behavioral  pattern  of  the  animals 
was  not  altered  during  the  course  of  the  experiment.  It  can  be  concluded  that  2.45  GHz  microwave  field 
has  a  capacity  to  affect  the  hormone  melatonin  balance  in  rats  after  repeated  exposure. 
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Abstract 


Probable  alterations  of  human  cognitive  functions,  caused  by  electromagnetic  fields  (EMF)  emitted  by 
cellular  phones,  are  still  under  investigation.  The  present  study  focused  on  the  effect  of  a  900MHz  signal  on  the 
early  components  of  event  related  potentials  (ERPs)  recorded  during  an  auditory  memory  task. 

Nineteen  normal  subjects  (10  women  and  9  men)  were  examined  with  and  without  radiation  in  a 
random  order.  Measurements  included  the  recording  at  16  scalp  electrodes  of  the  P50  and  N100  components 
which  were  evoked  by  two  warning  stimuli  which  differed  in  frequency  (low=500  Hz,  high=3000Hz). 

Results  showed  that  for  the  low  frequency  stimulus  radiation  caused  a  statistically  significant  positive 
shift  on  the  waveform  of  the  early  components  while  for  the  high  frequency  stimulus  there  was  a  significant 
negative  shift  at  the  Fpl  electrode.  The  affected  area  of  the  left  prefrontal  cortex  (Fpl  electrode  site)  plays  a  key 
role  in  working  memory  operation. 

These  findings  provide  further  evidence  that  both  the  P50  and  N100  components  of  the  ERPs,  which 
reflect  pre-attentive  and  attentive  information  processing  respectively,  are  modality  specific.  Furthermore  the 
amplitudes  of  the  two  components  for  the  two  modalities  are  influenced  by  EMF  in  opposite  ways. 
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Introduction 

Cellular  (GSM)  telephones  are  widely  used  throughout  the  world.  Although  there  is  no  clear  evidence  of  possible 
effects  of  the  electromagnetic  field  (EMF)  on  brain  physiology,  there  is  common  concern  about  this  matter.  In 
this  context,  some  reports  suggested  that  the  exposure  to  mobile  phone  (MP)  EMF  exerts  facilitating  effects  on 
these  brain  operations  [1,  2,  3,  4]  while  other  studies  did  not  find  any  changes  in  these  functions  in  relation  to  the 
applied  MP-EMF  [5,  6],  Thus,  it  has  been  proposed  that  ‘the  inability  to  replicate  previous  findings  could  have 
been  caused  by  lack  of  actual  EMF  effects  or  the  magnitude  of  effects  being  at  the  sensitivity  threshold  of  the 
test  used.  [5], 

Event  related  potentials  (ERPs)  due  to  their  high  resolution  properties  can  be  of  significant  use  in 
studying  EMF  effects  on  brain  activity  [7],  It  should  be  noted  that  the  earlier  components  of  the  ERPs  are 
thought  to  represent  the  activity  of  the  sensory  pathways  that  transmit  the  signal  generated  at  peripheral  receptors 
to  central  processing  systems.  These  components  are  ‘modality  specific’,  that  is  they  are  influenced  primarily  by 
the  stimulus  parameters  such  as  intensity  and  frequency.  In  this  respect,  given  that  both  attention  and  WM  are 
associated  with  the  P50  and  N100  components  of  ERPs  [8,  9,  10]  it  seems  reasonable  to  review  the  effects  of 
MP-EMF  on  these  components  taking  also  into  account  the  kind  of  stimulus  that  provokes  them. 

The  analysis  of  the  patterns  of  N100  waveforms  of  ERPs  during  MP-EMF  exposure  revealed 
conflicting  results.  Urban  et  al.,  [11]  did  not  find  changes  to  the  visual  evoked  N100  components  of  ERPs 
(amplitude  and  latency)  following  5  min  exposure  to  EMFs.  A  recent  study  by  Maby  et  al.  [12],  based  on  the 
investigation  of  auditory  evoked  potentials  recorded  from  healthy  volunteers  and  epileptic  patients  revealed  that 
the  exposure  to  MP-EMF  induced  decreased  N100  amplitude  in  both  assessed  groups,  and  decreased  N100 
latency  for  the  healthy  subjects.  The  authors  drew  the  conclusion  that  these  effects  are  attributable  to  the  ‘mild, 
localized  heating’  evoked  by  MP-EMF.  It  is  possible  that  some  of  the  inconsistencies  just  mentioned  may  be 
related  to  the  different  modalities  involved  (i.e.  auditory  versus  visual)  and  complexity  of  the  tasks  employed 

Taking  into  account  the  above  considerations,  we  hypothesized  that  the  electrophysiological  brain 
activity  as  indexed  by  P50  and  N100,  in  relation  to  WM  operation,  could  be  of  value  in  detecting  possible 
psychophysiological  mechanisms  underlying  alterations  evoked  by  MP-EMF.  Thus,  the  present  study  was 
designed  to  assess  the  effect  of  the  exposure  of  MP-EMF  on  the  patterns  of  P50  and  N100  ERP  components 
elicited  during  a  WMtest. 


Methods 

Participants 

Nineteen  healthy  individuals  (9  men  and  10  women,  mean  age  =  23.3  +  2.23  years,  mean  education  = 
16.9  +  1.82  years)  participated  in  the  experiment.  The  male  and  female  subgroups  were  homogeneous  with 
regards  to  age  and  educational  level.  All  participants  were  right-handed  and  had  no  history  of  any  hearing 
problem.  Informed  consent  was  obtained  from  all  subjects. 


Stimuli  and  procedure 

The  subjects  were  evaluated  with  the  digit  span  Wechsler  Auditory  test  [13,  14].  A  warning  stimulus  of 
either  high  (3000  Hz)  or  low  frequency  (500  Hz)  was  presented  through  earphones  to  the  subjects,  who  were 
asked  to  memorize  the  numbers  that  followed.  The  warning  stimulus  lasted  100msec.  A  one  second  interval 
followed  the  onset  of  the  warning  stimulus  and  then  the  numbers  to  be  memorized  were  presented  by  a  male 
voice.  At  the  end  of  the  number  sequence  presentation,  the  same  signal  tone  was  repeated.  If  the  frequency  of  the 
signal  tone  was  low  the  subjects  had  to  recall  the  numbers  in  the  same  order  with  that  presented,  else,  if  the 
frequency  was  high,  the  subjects  had  to  recall  the  numbers  in  the  opposite  order. 

Before  any  ERPs’  recording,  practice  trials  were  administered  until  the  subjects  could  clearly 
discriminate  the  warning  stimuli  (tones).  After  completion  of  the  above-mentioned  process,  a  rest  period  of  five 
minutes  followed,  before  the  recording  of  the  ERPs. 

The  experimental  setup  included  a  Faraday  room,  which  screened  any  electromagnetic  interference  that 
could  affect  the  measurements.  The  subjects  sat  in  an  anatomical  chair  and  a  certified  dipole  antenna  was  fixed 
near  their  right  ear.  Care  was  taken  so  that  the  distance  between  telephone  and  ear  (about  20  cm)  was  constant 
during  the  whole  session.  The  antenna  was  driven  by  a  signal  generator,  which  could  be  switched  on  or  off.  In 
the  on  mode  the  antenna  emitted  a  900  MHz  electromagnetic  field  with  mean  power  at  64  mWatt  [13]. 

ERPs  were  recorded  during  1  sec  between  the  onset  of  the  warning  stimulus  and  the  onset  of  the  first 
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administered  number.  The  electrophysiological  signals  were  recorded  with  Ag/AgCl  electrodes.  Electrode 
resistance  was  kept  constantly  below  5  kO.  EEG  activity  was  recorded  from  15  scalp  electrodes  based  on  the 
International  10-20  system  of  Electroencephalography  [15],  referred  to  both  earlobes.  An  electrode  placed  on  the 
subject’s  forehead  served  as  ground.  The  bandwidth  of  the  amplifiers  was  set  at  0.05  Hz  to  35Hz.  During  the 
administration  of  stimuli,  the  subjects  had  their  eyes  closed  in  order  to  minimize  eye  movements  and  blinks.  Eye 
movements  were  recorded  through  electro-oculogram  (EOG)  and  recordings  with  EEG  higher  than  75mV  were 
rejected.  Warning  stimuli,  as  well  as  learning  material,  i.e.  the  numbers  to  recall,  were  presented  binaurally  via 
earphones  at  an  intensity  of  65dB  sound  pressure  level.  The  evoked  biopotential  signal  was  submitted  to  an 
analogue-to-digital  conversion,  at  a  sampling  rate  of  1  KHz,  and  was  averaged  by  a  computerized  system.  Each 
recording  session  consisted  of  52  repetitions  of  the  trial. 

Because  the  P50  and  N100  components  are  included  in  the  array  of  early-endogenous  ERPs 
components,  which  normally  are  modality  specific,  the  ERPs  induced  by  the  two  modal  stimuli  were  averaged 
separately  [7],  In  particular,  two  varieties  of  waveforms  for  each  component  were  obtained,  one  flow  P50  and 
low  N100)  evoked  by  the  low  frequency  modality  (26  trials)  for  each  lead  in  all  subjects  and  another  (high  P50 
and  high  N100)  evoked  by  the  high  frequency  modality  (26  trials)  for  each  lead  in  all  subjects  . 

The  following  parameters  were  calculated.  ERPs  were  recorded  for  each  subject  at  EEG  leads  Fpl,  Fp2, 
F3,  F4,  C3,  C4,  C5,  C6,  P3,  P4,  Ol,  02,  Pz,  Cz,  and  Fz.  Recordings  with  acceptable  EEG  level  were  averaged 
for  each  lead  by  a  computerized  system.  An  algorithm  was  used,  which  identified  the  P50  as  the  most  positive 
peak  in  each  averaged  lead  curve,  between  30  and  80  msec  and  the  N100  as  the  most  negative  peak  in  each 
averaged  lead  curve,  between  70  and  150  msec,  after  the  onset  of  the  warning  stimulus.  Peak  amplitudes  were 
measured  relative  to  the  mean  amplitude  of  the  100-msec  prestimulus  baseline  period  and  latency  measurements 
were  computed  relative  to  stimulus  onset. 


Statistical  analysis 

The  values  of  the  P50  and  N100  amplitudes  and  latencies  at  the  fifteen  leads  were  subjected  to 
multivariate  analysis  of  variance  with  the  two  frequency  tones  and  the  two  radiation  conditions  as  the  between 
subjects  factors.  The  frequency  X  radiation  interaction  was  also  taken  into  consideration.  Post-hoc  pairwise 
comparisons  (with  the  necessary  corrections  for  multiple  comparisons)  were  carried  out  between  the  two 
frequencies  in  the  absence  and  presence  of  radiation,  as  well  as  between  the  two  radiation  conditions  at  the  low 
and  high  frequencies  for  both  components.  Statistical  significance  was  set  at  0.05. 

Results 


The  multivariate  analysis  revealed  that  neither  frequency,  nor  radiation  by  themselves  had  any 
significant  effect  on  P50  and  N100  amplitudes  of  the  entire  group  of  subjects  taken  as  a  whole.  There  was, 
however,  a  significant  frequency  X  radiation  interaction  effect  (p  value  of  Pillai’s  trace=0.013). 

Figure  1  and  figure  2  are  quite  helpful  in  explaining  this  interaction  effect.  In  the  absence  of  radiation 
the  following  findings  were  observed:  The  low  frequency  tone  induces  higher  negative  peak  amplitude  values  of 
the  N100  component  than  the  high  frequency  one  at  all  the  fifteen  leads  under  consideration.  This  difference 
achieves  statistical  significance  at  nine  leads  (Fpl,  C3,  Fp2,  C6,  Ol,  02,  P3,  Pz,  Fz).  The  high  frequency  tone 
induces  higher  positive  peak  amplitude  values  of  the  P50  component  than  the  low  frequency  one  at  all  the  fifteen 
leads  under  consideration.  This  difference  achieves  statistical  significance  at  eleven  leads  (Fpl,  C5,  C3,  Fp2,  C6, 
C4,  Ol,  02,  P3,  Pz,  Fz). 

The  application  of  EMF  radiation  demotes  these  differences,  since  in  the  case  of  this  application 
statistically  significant  differences  of  the  P50  amplitudes  for  the  two  frequency  tones  are  observed  only  in  three 
leads  while  no  statistically  significant  differences  of  the  N100  amplitudes  for  the  two  frequency  tones  are 
observed. 

This  is  accomplished  by  a  slight  increase  of  the  negative  values  of  the  N100  amplitudes  together  with  a 
slight  decrease  of  the  positive  values  of  the  P50  amplitudes  at  the  high  frequencies.  These  differences  achieve 
statistical  significance  at  lead  Fpl  for  both  N100  and  P50.  Also  a  slight  decrease  of  the  N100  amplitudes 
together  with  a  slight  increase  of  the  P50  amplitudes  was  observed  at  the  low  frequencies.  In  P50  the  increase 
achieves  statistical  significance  at  two  leads  (Fpl  and  Ol)  while  in  N100  the  decrease  achieves  statistical 
significance  at  lead  Fpl 
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Figure  1:  P50  amplitudes  at  15  leads  for  high  and  low  frequency  stimuli,  with  and  without  EMF  exposure. 
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Figure2:  N100  amplitudes  at  15  lead  for  high  and  low  frequency  stimuli,  with  and  without  EMF  exposure 
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The  crossover  effect  of  these  changes  results  in  the  fact  that  Fpl  stands  as  the  only  lead,  at  which  in  the  presence 
of  radiation  the  N100  amplitudes  are  lower  at  the  low  frequency  than  at  the  high  frequency  tone  while  the  P50 
amplitudes  are  higher  at  the  low  frequency  than  at  the  high  frequency  tone.  This  is  the  main  reason  for  the 
appearance  of  a  significant  overall  frequency  X  radiation  interaction  effect. 

Neither  radiation,  nor  frequency,  nor  their  interaction  had  any  significant  effect  on  the  N100  and  P50 
latencies.  Memory  performance  did  not  differ,  in  both  cases,  between  the  two  frequency  modalities  (58.4+26.5 
for  the  low  frequency  tone,  and  54.9+24.6  for  the  high  frequency  tone,  f-test,  p=0.552).  It  also  did  not  seem  to 
depend  on  radiation,  and  sex. 

Discussion 

The  findings  of  the  present  study  indicate  that  MP-EMF  may  alter  the  patterns  of  the  auditory  P50  and 
N100  components  of  ERPs  elicited  in  a  working  memory  task.  More  precisely,  the  results  showed  that  the 
presence  of  MP-EMFs,  when  high  frequency  stimulus  was  applied,  induced  statistically  significant  decrease  in 
the  amplitude  of  P50,  while  there  was  a  statistically  significant  increase  in  the  amplitude  of  N100  at  Fpl 
electrode  site,  as  compared  to  themselves  without  MP-EMF  exposure.  In  contrast,  the  exposure  to  EMF  when 
low  frequency  stimulus  was  applied,  revealed  statistically  significant  increase  of  the  amplitude  of  P50  at  Fpl  and 
Ol  electrode  site  while  there  was  a  statistically  significant  decrease  of  the  amplitude  of  N100  at  Fpl  only 
electrode  site,  as  compared  to  themselves  without  EMF  exposure.  Also  the  amplitude  of  P50  without  radiation 
appeared  significantly  higher  in  the  high  frequency  warning  stimulation  as  compared  with  those  of  low 
frequency  stimulation  while  the  opposite  situation  appeared  for  the  N100  (smaller  values  of  N100  for  the  high 
than  these  for  low  frequency  stimulus) 

The  observed  differences  of  the  amplitudes  of  P50  and  N100  without  radiation  may  be  explained 
considering  the  fact  that  these  components  belong  to  the  earlier  components  of  ERPs  which  are  sensitive  to 
physical  parameters  of  the  stimuli  [7].  The  dissociation  observed  for  the  P50  and  N100  potentials  with  reference 
to  the  modality  of  the  warning  stimuli  just  mentioned,  suggests  that  an  alternative  explanation  must  be 
considered  in  connection  with  the  effects  of  EMF  upon  these  peaks  evoked  by  high  frequency  and  the  peaks 
evoked  by  low  frequency  warning  stimuli. 

In  line  with  this  point  of  view,  the  obtained  changes  concerning  N100  waveforms  evoked  by  low 
frequency  warning  stimuli  seem  to  be  in  accordance  with  those  reported  by  Maby  et  al.[  12]  and  Hamblin  et 
al.  [1 1],  as  mentioned  earlier.  On  the  other  hand,  the  patterns  of  results  concerning  the  N100  evoked  by  the  high 
frequency  warning  stimuli  appears  to  be  consistent  to  those  reported  by  Koivisto  et  al.  [3]  who  reported  that  the 
exposure  to  the  EMF  has  a  facilitating  effect  of  attentive  processing  involving  left  frontal  area  during  the 
manipulation  of  information  in  WM. 

Taken  together,  the  obtained  results  provide  evidence  that  the  EMF  emitted  by  mobile  phone  affect 
differentially  the  attentive  information  processing,  as  it  is  reflected  by  the  N100  component  of  ERPs.  This 
differential  effect  might  be  explained  considering  that  the  N100  arises  from  multiple  sources  [17,  18].  An 
alternative  explanation  can  be  conceived  in  terms  of  attentional  demands:  Eulitz  et  al.  [19]  reported  that  30  min 
EMF  exposure  altered  the  beta  frequency  band  of  the  brain  electrical  response  to  acoustic  stimuli  in  an  oddball 
paradigm.  More  precisely,  this  effect  appeared  when  subjects  processed  task-relevant  target  stimuli  but  it  was  not 
present  for  irrelevant  standard  stimuli.  Another  group  of  investigators  observed  reduced  slow  brain  potentials  as 
an  effect  of  exposure  to  EMF  during  a  demanding  experimental  condition,  whereas  they  did  not  observe  any 
alteration  when  the  exposure  occurred  during  a  not  demanding  experimental  condition  [20].  Thus,  a  possible 
explanation  of  the  finding  concerning  the  N100  evoked  by  the  high  frequency  warning  stimuli  may  be  due  to  the 
fact  that  in  this  condition  the  subjects  had  to  recall  the  administered  numbers  in  the  opposite  order  (see 
experimental  procedure),  consequently,  the  subjects  faced  a  rather  demanding  experimental  condition. 

The  findings  of  P50  amplitudes  in  relation  to  the  MP-EMF  radiation  cannot  be  compared  with  those  of 
other  studies,  because  to  our  knowledge  there  are  no  previous  reports  assessing  this  ERP  component  in  relation 
to  MP-EMF  radiation.  An  exception  appears  to  be  the  study  by  Arai  et  al.  [21],  which  reported  no  effects  on  mid 
latency  evoked  brain  potentials  in  15  healthy  controls  using  the  Japanese  mobile  phone  emitting  800MHz.  But 
there  are  important  differences  in  methodology  that  make  a  direct  comparison  difficult,  for  instance,  in  the 
present  study  the  obtained  findings  would  likely  have  occurred  immediately  upon  presentation  of  the  MP-EMF 
and  lasted  throughout  its  presence,  whereas,  in  the  study  by  Arai  et  al.,  [21]  the  reported  effects  referred  to 
evoked  brain  response  before  and  after  using  a  mobile  phone  for  30  min.  The  main  difference  is  that  in  the 
present  study  the  evoked  potentials  were  recorded  during  the  presence  of  the  radiation  and  without  the  presence 
of  the  radiation,  while  in  the  study  of  Arai  the  ERPs  were  studied  before  and  after  the  expose  to  the  MP-EMF. 
However,  it  may  be  easier  to  understand  the  importance  of  the  pattens  in  P50  amplitude  during  MP-EMF 
radiation  reported  here  in  the  light  of  psychophysiological  indices  concerning  the  meaning  of  the  P50  potential 
on  the  one  hand,  and  on  the  other  considering  the  proposed  influence  of  MP-EMF  on  brain  function.  The  P50 
potential  is  a  subcomponent  of  the  y  EEG  activity  reflecting  the  transient  synchronization  of  thalamocortical 
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activity  in  response  to  sensory  stimulation  [22,  23].  In  keeping  with  this  suggestion,  concerning  the  low 
frequency  amplitude  of  P50  waveforms,  the  present  findings,  seem  to  be  compatible  with  a  recent  study  by  Croft 
et  al., [24]  focusing  on  the  effects  of  mobile  phone  on  EEG  as  a  function  of  time,  which  show  ‘an  increase  in  the 
y  response  at  midline  frontal  and  lateral  posterior  sites’.  Further,  since  the  MP-EMF  is  observed  to  enhance  the 
enzymatic  activity  of  the  cholinergic  system  [25,  26,  27],  and  on  the  other  hand  the  augmentation  in  P50 
amplitude  is  thought  to  reflect  increased  cholinergic  activation  during  arousal  [28,  29],  thus  it  is  reasonable  to 
suppose  that  this  mechanism  could  account  for  the  observed  increase  in  the  amplitude  of  P50  evoked  by  the  low 
frequency  stimuli,  in  association  with  MP-EMF  radiation.  The  obtained  results  provide  evidence  that  the  MP- 
EMF  emitted  by  mobile  phone  affect  pre-attentive  information  processing;  however,  the  underlying  mechanisms 
of  such  influence  are  still  unclear,  although  several  possibilities  exist,  calling  for  potential  directions  of  future 
research.  These  highly  complex  physical  and  biological  phenomena  necessitate  the  development  of  new 
experimental,  measuring  and  observation  procedures. 

A  further  point  for  discussion  is  the  location  of  the  observed  changes  with  regard  to  the  N100 
amplitude.  The  affected  area  of  the  left  prefrontal  cortex  (Fpl  electrode  site)  plays  a  key  role  in  working  memory 
operation  [30,  31].  Moreover,  comparable  effects  on  this  brain  area  after  PM-EMF  exposure  has  been  reported 
by  other  researchers.  Specifically,  Huber  et  al.  [32]  using  positron  emission  tomography  scans  showed  that 
exposure  to  MP-EMF  alters  the  cerebral  blood  flow  of  12  healthy  young  men  in  the  left  dorsolateral  brain  region. 
In  line  with  this,  it  is  noteworthy  that  brain  imaging  studies  suggest  that  attention  and  working  memory  generally 
engage  left  frontal  areas  of  the  brain  cortex  [33,  34]. 

In  conclusion,  the  findings  of  the  present  study  support  the  view  that  MP-EMF  during  the  performance 
of  a  WM  task,  affect  pre-attentive  and  attentive  operation,  possibly  mediated  by  the  left  frontal  brain  networks. 
However,  before  drawing  any  final  conclusions,  the  present  results  advocate  the  need  for  more  follow-up  studies 
in  order  to  evaluate  not  only  the  short-term  but  also  the  long-term  effects  of  MP-EMF  use  in  pre-attentive, 
attentive  and  WM  operation. 

The  findings  of  the  present  study  indicate  that  MP-EMF  may  alter  the  patterns  of  the  auditory  P50  and  N100  of 
ERPs  elicited  during  a  working  memory  task.  More  precisely,  the  results  showed  that  the  presence  of  MP-EMFs, 
when  high  frequency  stimulus  was  applied,  induced  statistically  significant  decrease  in  the  amplitude  of  P50, 
while  there  was  a  statistically  significant  increase  in  the  amplitude  of  N100  at  Fpl  electrode  site,  as  compared  to 
themselves  without  MP-EMF  exposure.  In  contrast,  the  exposure  to  EMF  when  high  frequency  stimulus  was 
applied,  revealed  statistically  significant  increase  of  the  amplitude  of  P50  at  Fpl  and  01  electrode  site  while 
there  was  a  statistically  significant  decrease  of  the  amplitude  of  N100  at  Fpl  only  electrode  site,  as  compared  to 
themselves  without  EMF  exposure. 
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Abstract: 

P-selectin  plays  roles  mainly  in  the  initial  process  of  tumor  cell  adhesion  to  platelets.  The  object  of  present  work 
was  to  determine  the  expression  level  of  P-selectin  in  a  colon  tumor  model  that  was  affected  by  sinusoidal 
electromagnetic  fields  (SMF). 

We  used  male  Wistar  albino  rats  2-2.5  months  age.  Animals  were  divided  into  4  groups:  I  (MNU),  II 
(SMF+MNU),  III  (SMF)  and  IV  (CONTROL).  Rats  were  housed  five  per  polycarbonate  cage.  60  mg  MNU  was 
dissolved  in  6  ml  sterile  0.9%  NaCl.  Prepared  solutions  were  given  i.r.  to  the  1st  and  3ld  groups  as  0.2  ml  /per 
animal.  The  same  procedure  was  applied  to  the  2nd  and  4th  groups  but  0.2  ml  /per  animal  sterile  isotonic  solution 
was  administrated  instead.  This  procedure  was  repeated  once  a  week  for  10  weeks.  After  administered  at  MNU, 
2nd  and  3ld  groups  were  exposed  to  a  sinusoidal  magnetic  field  (SMF,  50  Hz,  5mT)  for  6  hours/day  for  8 
months.  The  expression  of  P-Selectin  in  four  groups  of  rat  colon  tissues  by  immunohistochemistry  on  paraffin 
sections.  The  labeled  streptavidin  biotin  method  was  performed. 

Fisher’s  exact  test  was  used  for  differences  between  proportions.  There  was  no  statistically  significant  (p>0.05) 
change  in  expression  level  of  P-selectin. 

Keywords: 

P-selectin,  carcinogenesis,  electromagnetic  fields 
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Introduction: 

One  of  the  major  man-induced  environmental  changes,  which  occurred  in  the  last  century,  is  the  continued  use  of 
oscillating  electromagnetic  fields  (EMF).  These  fields  are  generated  for  communication  ( via  radio,  television, 
cellular  telephones),  as  by  products  of  the  technology  set  up  for  the  visualizing  on  computer  and  television 
screens,  or  from  power  lines.  It  has  been  long  believed  that  electromagnetic  radiation  in  this  wavelength  range 
were  harmless,  and  for  sure,  their  inconvenience  as  pollutants  were  extremely  small  when  compared  to  the  health 
dangers  associated  with,  for  instance,  smog-generating  fuel.  Yet,  now  that  the  major  sources  of  environmental 
pollution  have  been  identified  and  are  being  taken  care  of,  the  question  about  the  biological  effects  of  these 
electromagnetic  fields  becomes  relevant  (1). 

In  fact,  some  investigators  have  seen  variations  in  cell  proliferation  and  apoptosis  after  exposure  to  ELF  fields 
(2),  while  others  have  not  observed  such  changes.  Thus,  from  a  careful  examination  of  the  literature  in  this  field, 
it  is  apparent  that  further  studies  examining  the  role  of  ELF  fields  in  cancer  are  necessary.  Cancer  cell 
proliferation,  apoptosis,  invasion,  and  metastasis  are  complex  phenomena  controlled  by  an  even  more  complex 
series  of  pathways,  which  communicate  with  each  other  through  a  myriad  of  signaling  cascades.  In  this  scenario, 
a  pivotal  role  is  played  by  cell  adhesion  molecules  (CAMs).  CAMs  and  their  receptors  mediate  cell-cell  and 
cell-matrix  interactions  and  also  play  a  fundamental  role  in  tumor  growth,  death,  metastasis,  and  invasion.  The 
CAMs  principally  involved  in  these  processes  are  those  directed  against  important  components  of  the 
extracellularmatrix  (ECM)  such  as  fibronectin,  collagen,  laminin,  hyaluronan,  heparan  sulfate,  and  elastin. 
Although  the  number  of  studies  examining  the  effects  of  magnetic  fields  on  cell  adhesion  is  rather  limited, 
nonetheless,  several  studies  have  provided  important  insights  into  this  important  question  (3). 

Stimulated  endothelial  cells  and  activated  platelets  express  P-selectin  (CD62P),  a  member  of  the  selectin  family 
of  cell  adhesion  molecules,  which  interacts  with  P-selectin  glycoprotein  ligand- 1  (PSGL-1,  CD  162)  for 
leukocyte  rolling  on  stimulated  endothelial  cells  and  heterotypic  aggregation  of  activated  platelets  onto 
leukocytes.  Cross-linking  of  PSGL-1  by  P-selectin  also  primes  leukocytes  intracellularly  for  cytokine  and 
chemoattractant-induced  integrin  activation  for  firm  adhesion  of  leukocytes.  Furthermore,  P-selectin  mediates 
heterotypic  aggregation  of  activated  platelets  to  cancer  cells  and  adhesion  of  cancer  cells  to  stimulated 
endothelial  cells.  There  is  an  increasing  body  of  in  vivo  experimental  evidence  indicating  that  P-selectin  can  play 
important  roles  in  the  growth  and  metastasis  of  cancers. In  this  regard,  the  elucidation  of  the  molecular 
mechanisms  responsible  for  the  regulation  of  the  expressions  of  these  different  P-selectin  ligand  molecules  in 
various  human  cancer  cells  will  be  an  important  and  very  interesting  future  task  (4). 

The  object  of  present  work  was  to  determine  the  expression  level  of  P-selectin  in  a  colon  tumor  model  that  was 
affected  by  sinusoidal  electromagnetic  fields  (SMF). 

Material  and  Methods: 

Animals 

Healthy  male  Wistar  albino  rats,  2-2.5  months  age,  were  employed  in  the  present  study.  A  duration  of  one  week 
before  the  experimental  period  was  held  for  the  compliance  and  controls  of  experimental  animals.  Animals  were 
divided  into  4  groups  as  shown  in  Table  1. 

TABLE  1. 

Experimental  groups  with  number  of  animals. 

1- MNU  7 

2- SMF+MNU  7 

3- SMF  9 

4- Control  5 

Rats  were  housed  five  per  polycarbonate  cage  (cages  standard  for  all  groups  were  cleaned  twice  a  week).  Water 
and  pelleted  diet  were  available  ad  libitum.  The  animal  room  was  checked  for  temperature,  humidity  and  light 
status  (12:12  light-dark  cycle).  Temperature  was  maintained  between  23  and  25  °C  and  relative  humidity 
between  35  and  65  %. 


Carcinogen  administration 

60  mg  MNU  (N-Methyl-N-Nitrosurea)  (Sigma  Chemical  Co.,  Dorset,  England)  was  dissolved  in  6  ml  sterile 
isotonic  solution  (0.9%  NaCl).  Prepared  solutions  were  given  i.r.  (  intra-rectal)  to  the  MNU  and  SMF+MNU 
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groups  as  0.2  ml  /per  animal.  In  the  procedure  a  number  8  feeding  tube  was  inserted  6  cm  into  the  rectum  and 
solution  was  administered.  The  same  procedure  was  applied  to  the  SMF  and  Control  groups  but  0.2  ml  /per 
animal  sterile  isotonic  solution  was  administrated  instead.  This  procedure  was  repeated  once  a  week  for  10 
weeks. 

Application  of  magnetic  field 

12  serially  connected  copper  solenoid  coils  generated  the  magnetic  fields,  each  having  560  turns.  The  cores  of 
the  coils  were  filled  with  soft  iron  rods  and  they  were  tightened  to  increase  the  magnetic  flux  intensity.  Plastic 
cages  were  used  so  that  the  magnetic  field  strength  and  distribution  would  not  be  affected.  The  coils  were  placed 
vertically  and  the  cages  were  held  1.2  cm  above  the  coils  to  hinder  them  from  probable  vibration.  To  protect  the 
cages  from  heat  of  the  coils,  1  cm  thick  wooden  plates  were  placed  between  the  coils  and  the  cages.  The  coils 
were  connected  to  the  220  V  50  Hz  sinusoidal  city  electric  systems.  When  current  passed  through  the  coils,  the 
magnetic  flux  intensities  were  measured  at  five  different  places  inside  the  cages  to  be  5  mT.  For  measurement, 
we  used  a  Leybold  Heraeus  54050  model  Hall  effect  teslameter. 

Histological  processing 

The  animals  from  all  groups  were  killed  8  months  after  the  first  i.r.  injections  of  MNU.  Immediately  after  the 
sacrifice,  colons  were  removed,  cut  open  along  its  longitudinal  axis,  and  fixed  flat  in  10%  buffered  formalin  for 
24  hours  at  room  temperature.  We  photographed  and/or  checked  the  aberration  of  the  surface  of  colon  mucosa. 

Immunohisto chemistry  and  evaluation 

For  immunohistochemical  analysis,  the  labeled  streptavidin  biotin  method  was  performed  using  a  Vectastain 
Universal  Quick  Kit  (Vector  Laboratories,  Burlingame,  CA,  USA)  with  microwave  accentuation.  The  paraffin- 
embedded  sections  were  heated  for  30  minutes  at  65°C,  deparaffinized  in  xylene,  and  rehydrated  through  graded 
alcohols  at  room  temperature.  A  0.05  M  Tris-HCl  buffer  (pH  7.6)  was  used  to  prepare  solutions  and  for  washes 
between  various  steps.  Incubations  were  performed  in  a  humidified  chamber.  Four-pm-thick  sections  were 
treated  for  20  minutes  at  room  temperature  with  5%  BSA  and  incubated  overnight  at  4°C  with  primary 
antibodies  against  P-selectin  (BD  PharMingen,  San  Diego,  CA,  USA).  For  each  case,  negative  controls  were 
performed  on  serial  sections.  On  the  control  section,  incubation  with  the  primary  antibody  was  omitted. 
Horseradish  peroxidase  activity  was  visualized  by  treatment  with  H202  and  diaminobenzidine  for  5  minutes.  At 
the  last  step,  the  sections  were  weakly  counterstained  with  hematoxylin. 

A  semiquantitative  analysis  of  the  immunohistochemistry  was  performed  to  determine  the  approximate 
percentage  of  cells  expressing  P-selectin  as  follows:  absent  (-),  0%  expression;  slight  (+),  up  to  20%  of  cells 
positive;  moderate  (++),  21%  to  50%  of  cells  positive;  and  strong  (+++),  more  than  50%  of  cells  positive. 

Histopathological  examination 

Histological  evaluation  was  performed  by  routine  procedures  with  H&E  staining.  The  stained  sections  were 
examined  for  grade  of  histological  abnormality. 

Results 

No  appreciable  change  in  food  consumption  was  observed  among  different  groups  of  rats.  Fisher’s  exact  test  was 
used  for  differences  between  proportions.  There  was  no  statistically  significant  (p>0.05)  change  in  expression 
level  of  P-selectin. 

Discussion: 

Electric  and  magnetic  fields  associated  with  the  production,  transmission,  and  use  of  electricity  are  ubiquitous  in 
industrialized  society.  These  electric  and  magnetic  fields  are  predominantly  of  low  frequency  (60  Hz  in  the  US, 
50  Hz  in  Europe  and  Japan)  and  generally  of  low  intensity.  Electric  fields  exist  when  there  is  electric  potential  in 
a  line,  while  magnetic  fields  exist  only  when  there  is  current  flow  (5).  Since  both  electric  and  magnetic  fields 
often  occur  together  and  are  interactive,  these  fields  have  often  been  referred  to  as  electric  and  magnetic  fields  or 
EMFs. 

More  recent  research  has  focused  on  potential  adverse  biological  effects  of  exposure  to  magnetic  fields.  The 
residential  exposures  in  most  homes  are  to  magnetic  field  intensities  of  <2  milligauss  (mG),  which  is  equivalent 
to  0.2  microtesla  (pT)  although  some  areas  in  homes  may  exceed  this  field  intensity.  In  certain  industrial 
settings,  mean  workplace  magnetic  field  exposure  may  exceed  10  mG  (6). 

Metastasis  is  a  cascade  of  cellular  events  by  which  cancer  cells  establish  new  colonies  at  distant  sites  in  the 
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body  (7,8).  It  comprises  multiple,  consecutive  steps.  Several  cell  adhesion  molecules  are  involved  in  the  various 
stages  of  cancer  metastasis  (9).  P-selectin  has  been  shown  to  bind  to  several  human  cancers  and  human  cancer- 
derived  cell  lines,  such  as  colon  cancer,  lung  cancer  including  small-cell  lung  cancer,  breast  cancer,  malignant 
melanoma,  gastric  cancer,  neuroblastoma,  and  adenoid  cystic  carcinoma  of  the  salivary  gland.  There  is  an 
increasing  body  of  in  vivo  experimental  evidence  indicating  that  P-selectin  can  play  important  roles  in  the 
growth  and  metastasis  of  cancers.  In  this  regard,  the  elucidation  of  the  molecular  mechanisms  responsible  for  the 
regulation  of  the  expressions  of  these  different  P-selectin  ligand  molecules  in  various  human  cancer  cells  will  be 
an  important  and  very  interesting  future  task  (10,1 1,12). 

The  expression  of  P-selectin  is  regulated  at  both  the  transcriptional  and  cellular  levels.  At  the  transcriptional 
level,  tumor  necrosis  factor-a  induces  P-selectin  expression  in  mouse  and  bovine  endothelial  cells  (13,14) 
whereas  interleukin-4  and  oncostatin  M  induce  P-selectin  expression  in  human  umbilical  vein  endothelial  cells, 
which  can  last  up  to  72  h  (15). There  is  still  a  long  way  to  go  to  elucidate  the  details  regarding  this  pathway  (12). 
Immunohistochemical  studies  of  P-selectin  expression  in  this  model  demonstrated  no  statistically  significant 
(p>0.05)  differences  between  the  groups.  Our  results  suggest  that  this  study  needs  confirmation  by  repetitive 
experiments,  including  new  methods  for  P-selectin  detection  in-vivo  and  in-vitro.  Further  work  is  required  to 
determine  the  relative  effect  of  the  magnetic  fields  on  this  molecule  and  relation  with  metastasis  phenomena. 
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Abstract 

In  this  study,  we  explored  the  subchronic  effect  of  RF-EMF  on  blood-cerebrospinal  fluid  barrier  (BCB) 
function,  which  defined  as  one  of  the  blood-brain  barrier  functions.  To  attain  the  purpose,  we  used  the  micro¬ 
perfusion  method,  which  makes  it  possible  to  quantify  BCB  function  in  vivo  with  high  sensitivity,  and  evaluate 
the  effect  on  barrier  function  during  RF-EMF  exposure  to  rat.  Using  a  custom-made  “8”-shaped  loop  antenna, 
which  optimized  for  RF-EMF  exposure  to  rat’s  head  locally,  we  exposed  1.5  GHz  RF-EMF  with  PDC 
modulation  to  the  head  of  juvenile  rats.  A  30  minutes  exposure  was  repeated  everyday  for  6  successive  days,  and 
on  the  6th  day,  BCB  function  was  quantified  by  using  micro-perfusion  method.  The  fluorescence  intensity  in 
collected  cerebrospinal  fluid  did  not  increase  indicating  BCB  did  not  affected  by  RF  exposure  at  the  brain 
average  SARs  of  0.5,  2.0  and  10  W/kg.  These  results  suggest  that  the  daily  exposure  of  1.5  GHz  RF-EMF  did 
not  affect  the  BCB  function  in  juvenile  rats  under  our  experimental  conditions. 


Introduction 

Possible  health  effects  of  weak  RF-EMF  have  been  discussed  worldwide.  However,  further  scientific 
evidences  are  needed  for  better  health  risk  assessment,  particularly;  the  effects  on  the  blood-brain  barrier  (BBB) 
which  are  still  not  clear  due  to  the  variety  of  experimental  designs.  One  of  the  main  problems  on  BBB  study  is 
that  there  are  few  methods  which  are  able  to  monitor  the  barrier  function  on  real  time  in  vivo.  In  this  study,  we 
developed  a  real-time  measuring  system  for  blood-cerebrospinal  fluid  barrier  (BCB)  function  which  defined 
same  as  BBB  in  a  broad  sense.  To  collect  CSF  continuously,  we  employed  micro-perfusion  method  to  the 
measuring  system.  By  using  this  method,  we  explored  the  subchronic  effects  on  the  BCB  when  RF-EMF  was 
exposed  to  the  head  of  animal. 

Animals  and  surgical  procedure  We  used  male  Sprague -Dawley  rats  (Tokyo  Laboratory  Animals  Science  Co., 
Japan)  aged  5  weeks.  Rats  were  anesthetized  by  i.m.  injection  of  a  cocktail  of  ketamine  hydrochloride  (90  mg/kg 
body  weight.  Sigma  Chemical  Co.,  St.  Louis,  MO)  and  xylazine  hydrochloride  (10  mg/  kg  body  weight.  Sigma 
Chemical  Co.),  and  a  guide  cannula  (Eicom  Co.,  Kyoto,  Japan)  was  introduced  to  one  of  the  lateral  ventricles 
through  the  hole  and  secured  to  the  skull  with  dental  cement.  Assembly  of  push-pull  cannula  including  guide 
cannula  was  shown  in  Fig  1. 

Exposure  conditions  Rats  for  exposure  groups  were  divided  into  three  groups.  Each  exposure  condition  was  at 
0.5,  2.0,  lOW/kg  (brain  averaged  SAR)  for  30  minutes  per  day  for  6  consecutive  days.  We  applied  RF-EMF 
(1,439  MHz)  with  PDC  modulation  which  generated  by  an  8-shaped  loop  antenna  (Fig. 2).  During  exposure,  the 
antenna  was  located  at  4  mm  above  the  rat  head  by  using  the  stereotaxic  apparatus.  In  the  sham  exposure  group, 
rats  were  also  anesthetized  and  kept  on  the  stereotaxic  apparatus  without  RF-EMF  exposure.  On  the  6th  day  of 
exposure,  a  push  pull  cannula  (Fig.l)  was  inserted  into  a  guide  cannula.  The  inlet  and  the  outlet  of  the  cannula 
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were  connected  to  the  push-pull  micro  perfusion  pump  unit  (EP-70,  Eicom  Co.)  which  enabled  the  collection  of 
CSF  continuously.  At  the  beginning  of  RF-EMF  exposure,  FITC-labeled  albumin  (FITC-albumin)  was  injected 
into  caudal  vein  and  CSF  perfusion  was  started  at  a  rate  of  1  pl/min.  Fluorescence  intensity  of  FITC-albumin  in 
perfusate  was  monitored  by  using  spectrofluorometry  under  the  condition  of  excitation  /emission  wave  length  at 
490/5 15nm  .Fluorescence  intensity  in  perfusate  was  monitored  for  180  minutes  from  the  beginning  of  the 
exposure.  Experimental  setup  was  summarized  in  Fig.  3. 

All  experimental  procedures  are  approved  by  the  animal  experiment  committee  in  National  Institute  of  Public 
Health. 

Results  No  statistical  difference  on  BCB  function  was  detected  among  each  exposure  condition  (Fig. 4). 


Fig  1  Assembly  of  push-pull  cannula  for  rat  Fig  2  Overview  of  an  “8-shaped”  loop 

Upper  is  an  inner  cannula  which  includes  in/out  antenna  for  RF-EMF  exposure 

route  and  lower  is  a  guide  cannula 


Push  Pull  Sampling 


Fig.3  Schematic  diagram  of 
developed  system  for  real-  time 
monitoring  of  blood  barrier 
function 

Artificial  CSF  flow  into  the  lateral 
ventricle  via  inlet  of  cannula  (red 
arrow)  and  perfusate  flow  out  via 
outlet  of  cannula  (blue  arrow). 
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Time  (minutes) 


Fig.4  Fluorescent  profiles  of  sham 
and  RF-EMF  exposed  group 

Fluorescence  intensity  was  emitted 
by  fluoro-spectrometer  which 
connected  to  the  outlet  of  the  push- 
pull  cannula.  Due  to  the  dead- 
volume  of  the  connection  tubes, 
changes  of  fluorescence  intensity  in 
cerebrospinal  fluid  were  reflected  to 
this  profile  with  some  time  delay. 
There  is  no  statistical  difference 
among  each  group. 


Summary 

In  the  previous  studies,  we  have  already  reported  that  acute  exposure  to  RF-EMF  does  not  induce  the  effect  on 
the  blood-cerebrospinal  fluid  barrier  (BCB)  [1,  2].  In  this  study,  we  explored  the  subchronic  effect  on  BCB  by 
RF-EMF  exposure.  To  attain  the  purpose,  we  used  the  micro-perfusion  method,  which  makes  us  possible  to 
quantify  the  barrier  function  in  vivo  with  high  sensitivity,  and  can  be  applied  during  exposure.  After  6 
consecutive  days  exposure  for  30  minutes/day  to  1 .5GHz  RF-EMF  using  an  “8”-shaped  loop  antenna,  the 
fluorescence  intensity  in  collected  fluid  did  not  increase  in  any  group.  These  results  indicate  blood-cerebrospinal 
fluid  barrier  did  not  affected  by  the  RF  exposure.  As  a  conclusion,  sub-chronic  RF-EMF  exposure  under  this 
experimental  condition  was  not  affect  blood-cerebrospinal  fluid  barrier  function  in  rats. 
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Abstract 


The  effect  of  long-term  exposure  to  high  frequency  electromagnetic  field  (HF  EMF)  on  some  somatic 
and  neural  characteristics  was  studied  in  neurodefective  Lurcher  mutant  (+/Lc)  and  normal  wild  type  mice 
(+/+).  Both  newborn  and  young  adult  (3  months)  animals  derived  from  two  strains  (C3H,  C57B1/7)  were 
exposed  to  HF  EMF  (870  MHz)  from  1st  to  21st  day  or  from  91st  to  120th  day  respectively.  In  animals  of  both 
groups  and  controls  we  observed  the  development  of  body  weight.  Moreover,  in  the  HF  EMF  exposed  adult 
C57B1/7  animals  we  studied  spatial  learning  ability,  motor  functions  and  the  CNS  excitability.  To  investigate 
specific  energy  absorption  rate  (SAR)  in  experimental  animals  we  have  done  the  basic  3D  calculations  of  the 
electromagnetic  energy  distribution  in  the  simplified  model  of  the  mouse.  The  HF  EMF  exposed  animals 
exhibited  a  mild  increase  of  body  weight  with  small  strain  differences.  The  long-term  exposure  to  HF  EMF  did 
not  significantly  influence  the  ability  to  learn  in  the  Morris  water  maze.  However,  lower  swimming  speed  was 
found  in  the  irradiated  +/Lc  as  well  as  lower  motor  activity  of  +/+  in  the  open  field  when  compared  to  controls. 
No  significant  differences  were  found  between  HF  EMF  irradiated  animals  and  controls  in  examination  of  the 
CNS  excitability  and  motor  functions. 

Introduction 

Increasing  use  of  different  devices  (mobile  phones)  and  other  ones  (radars,  radio  transmitters)  that  emit 
potentially  harmful  radiofrequency  (RF)  radiation  is  the  reason  why  the  effect  of  high  frequency 
electromagnetic  field  (HF  EMF)  on  human  (and/or  animal)  body  and  especially  on  the  brain,  is  subjected  to  a 
concentrated  research.  Despite  this  effort  there  is  e.g.  no  unambiguous  evidence  about  broadly  discussed 
promoting  effect  of  RF  EMF  on  the  brain  cancer  growth.  Some  results  have  indicated  increased  risk  (Repacholi 
et  al.,  1997;  Hardell  et  al.,  2002)  while  other  studies  have  shown  no  effect  (Salford  et  al.,  1997a)  or  even 
decreased  risk  (Adey  et  al.,  1999).  On  the  other  hand,  the  clear  effect  of  RF  radiation  -  including  that  from 
global  system  for  mobile  communication  (GSM)  microwaves  (MWs)  -  increase  in  blood-brain  barrier  (BBB) 
permeability  in  rats  for  their  own  albumin  has  been  found  (Persson  and  Salford,  1996;  Fritze  et  al.,  1997; 
Persson  et  al.,  1997;  Malmgren,  1998;  Salford  et  al.,  2001;  Tore  et  al.,  2001).  Furthermore,  it  was  observed, 
that  the  albumin  leakage  over  the  BBB  caused  neuronal  damage  in  both  the  cortex,  the  hippocampus  and  the 
basal  ganglia  in  the  brains  of  rats  exposed  acutely  two  hours  to  GSM  mobile  phone  EMF  of  different  strengths 
(Salford  et  al.,  2003).  Recently,  rats  exposed  also  for  2h  to  GSM  MWs  (915  MHz,  SAR  0.4  mW/g)  exhibited 
affected  expression  of  genes  in  cerebellar  cells  (Belyaev  2006). 

Behavioral  experiments  in  animals  showed  performance  deficits  in  spatial  learning  in  rats  (Lai,  1996; 
Lai  et  al.,  1998)  and  in  mice  (Sienkiewicz  et  al.,  1998)  exposed  to  low-frequency  EMF  (50  and  60  Hz).  Affected 
learning  process  was  also  described  in  rats  exposed  to  HF  EMF  (2450  Hz)  and  examined  in  the  radial  and  the 
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Morris  water  maze  (Lai  et  al.,  1994;  Wang  et  al.,  2000).  On  the  contrary,  no  significant  effect  on  spatial  learning 
was  described  in  rats  influenced  by  head  only  exposure  system  emitting  a  900-MHz  GSM  EMF  (Dubreuil  et  al., 
2002). 

In  human,  changes  of  working  memory  and  evoked  potentials  were  found  as  a  consequence  of  mobile 
phone  use  (Koivisto  et  al.,  2000;  Jech  et  al.,  2001).  Except  for  influence  of  EMF  on  membrane  ion  transport 
(Bawin,  Adey,  1976;  Blackman  et  al.,  1982;  Dutta  et  al.,  1989;  Liu  et  al.,  1990;  Cleary  1990a,b,  1995)  and 
neurotransmitter  system  (Merritt  et  al.,  1977;  Modak,  et  al.,  1981;  Inaba  et  al.,  1992)  the  reason  of  the  effect  can 
be  also,  that  mobile  phones  broadcast  specifically  at  frequencies  at  which  the  head  serves  as  an  antenna  and 
brain  tissue  serves  as  a  demodulating  radio  receiver  (Weinberger  and  Richter,  2002). 

In  previous  works  we  described  the  results  of  our  research  dealing  with  some  functional  and 
morphological  characteristics  of  the  brain  in  normal  and  neurodefective  mice  exposed  to  both  acute  and  chronic 
influence  of  HF  EMF  (Vozeh  et  al.  2004,  Cendelfn  et  al.  2004).  The  aim  of  this  work  was  to  survey  further 
results  of  experiments  concentrated  on  somatic  and  neurobehavioral  characteristic  in  the  same  types  of  mice 
chronically  influenced  by  HF  EMF  in  two  phases  of  their  life. 

Animals  and  methods 

Experimental  animals  we  used  were  Lurcher  mutant  and  wild  type  mice  of  both  sexes  derived  from 
two  strains  (C3H,  C57B1/7).  Mice  were  kept  on  a  12:12  hour  light:dark  cycle  with  constant  temperature  (21+  1° 
C)  and  humidity  (60+10%).  Water  and  food  were  available  ad  libitum.  All  these  experiments  have  been  done  in 
full  agreement  with  the  law  of  the  Czech  Republic  dealing  with  the  right  treatment  of  experimental  animals. 

The  mutants  suffer  from  genetically  determined  olivocerebellar  degeneration  due  to  mutation  of  the  52 
glutamate  receptor  gene.  The  52  glutamate  receptor  is  especially  expressed  by  cerebellar  Purkinje  cells  (Zuo  et 
al.,  1997)  and  this  is  a  reason  why  Lurcher  mutants  (heterozygotes,  +/Lc)  are  characterized  by  complete 
progressive  extinction  (a  type  of  excitotoxic  apoptosis)  of  Purkinje  cells  and  by  a  substantial  decrease  in  number 
of  cerebellar  granule  cells  and  inferior  olive  neurons  (Caddy  and  Biscoe,  1979).  The  mutants  exhibit  signs  of 
cerebellar  ataxia,  deterioration  of  cognitive  function  and  higher  sensitivity  to  some  neurotoxic  agents  (Caddy 
and  Vozeh,  1997;  Vozeh  et  al.,  1999).  Their  littermates  -  wild-type  mice  (homozygotes  +/+)  are  healthy.  One 
half  of  experimental  animals  (+/Lc  and  +/+)  was  subjected  to  chronic  exposure  to  HF  EMF,  the  unexposed 
animals  of  the  second  half  were  controls.  The  whole  body  exposition  was  performed  using  HF  generator  with 
HF  amplifier  and  antenna.  Frequency  of  HF  EMF  was  870  MHz  (close  to  mobile  phones  frequency)  and  power 
output  of  the  apparatus  was  10  W.  The  radiation  was  directed  by  a  wave  guide  to  a  plastic  box  with  the  animals 
placed  just  in  front  of  it  (Fig.l). 


plastic  box  with  an 


amplifier  generator 


Fig.  1  :  Scheme  of  HF  EMF  exposure 


The  animals  of  two  developmental  periods  were  exposed  to  HF  EMF: 

1)  newborns  (irradiated  from  1st  to  21st  day  of  life,  2.5  h  daily,  together  162  animals  of  both  strains), 

2)  young  adults  (irradiated  from  91st  to  120le!,day  of  life,  3  h  daily,  together  94  animals  of  both  strains). 
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To  estimate  SAR  in  experimental  animals  we  have  done  basic  3D  calculation  of  electromagnetic 
energy  distribution  in  a  simplified  dielectric  model  of  an  adult  mouse.  The  model  consists  of  a  homogenous 
lossy  dielectric  material  mimicking  muscle  tissue  and  has  shape  of  a  cylinder  (radius  3  cm  and  high  9  cm 
terminated  to  cone)  with  dielectric  properties  er  =  54,  conductivity  s  =  0.8  S/m,  density  r  =  1000  kg/m3  (Fig.  2). 


Fig.  2:  Scheme  of  the  simplified  dielectric  model  of  an  adult  mouse  during  SAR  measurement  (bird's-eye 
view). 


The  calculations  were  done  with  the  aid  of  3D  electromagnetic  field  simulator  SEMCAD  which  used 
FDTD  (Finite  Different  Time  Domain).  The  method  is  based  on  the  fact  that  original  continuous  function  is 
replaced  by  the  set  of  discrete  function's  values.  Maxwell’s  equations  are  discretized  using  a  2nd  order  finite- 
difference  approximation  both  in  space  and  in  time  in  an  equidistantly  spaced  mesh.  Several  simulations  for 
different  positions  of  mice  were  done.  Input  power  during  simulations  was  normalized  to  1  watt. 

Both  HF  EMF  exposed  and  unexposed  animals  (C3H  and  C57B1/7  newborns  and  young  adults)  were 
subjected  to  examination  of  the  body  weight  development  during  the  irradiation  periods.  Spatial  learning  ability, 
passive  avoidance  learning,  CNS  excitability  and  behavioral  activity  as  well  as  topical  motor  skills  were  tested 
in  young  adult  C57B1/7  mice  only. 

The  topical  body  weight  in  individual  animals  was  investigated  every  day  during  the  irradiation  period. 
Data  obtained  in  individual  days  we  used  for  calculation  of  the  relative  body  weight  increase  which  represented 
the  ratio  of  the  values  in  individual  days  to  the  value  received  on  the  first  day  of  the  HF  EMF  exposure. 

Spatial  learning  was  tested  using  Morris  water  maze.  It  consists  of  round  plastic  pool  with  a  small 
round  platform  hidden  under  the  water  surface,  permanently  at  the  same  place.  The  mouse  had  to  locate  the 
platform  only  by  its  relationship  to  distant  landmarks  (window,  laboratory  furniture,  tube  lights).  Four 
swimming  trials  daily  were  performed  during  6  days  long  examination  period  (D1  -  D5  and  D8).  If  the  mouse 
did  not  find  platform  within  60  s,  it  was  placed  there.  The  mouse  stayed  on  the  platform  always  for  30  s.  Mean 
latencies  of  reaching  platform,  swimming  speed  and  the  length  of  trajectory  were  compared  in  HF  EMF  exposed 
animals  and  controls. 

For  examination  of  discriminative  learning  we  used  “step  down"  method  of  the  passive  avoidance 
inhibitory  reaction.  In  this  test  the  mouse  is  positioned  on  a  small  platform  (bench),  the  size  of  which  is 
dependent  on  the  age  of  the  animal,  5  mm  above  an  electrified  grid  floor  of  the  plastic  box  (200  x  250  x  200  mm 
high).  The  animal  is  trained  until  the  chosen  criterion  (100  s  on  the  bench  without  descent)  is  met.  Four 
parameters  are  measured:  latency  to  the  first  descent,  number  of  descents,  time  to  criterion  and  time  of  stay  on 
the  grid.  The  same  procedure  is  repeated  24  hours  later  and  evaluation  of  each  parameter  is  obtained  by  dividing 
the  values  of  the  retention  test  by  those  obtained  in  the  learning  (  1st  day)  test. 

CNS  excitability  was  tested  with  the  audiogenic  epilepsy  method.  The  mouse  was  placed  into  a  plastic 
box  covered  with  a  transparent  lid.  Inside  the  box  was  an  electric  doorbell  which  served  as  a  source  of  a  sound 
stimulus  of  intensity  of  90  dB.  The  sound  was  switched  on  for  60  s  and  the  reaction  of  the  animal  was  observed. 
The  reactions  were  divided  into  5  degrees:  1.  no  reaction,  or  exploration,  2.  running,  3.  fast  running  and 
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jumping,  4.  convulsions,  5.  death  of  the  animal  as  a  consequence  of  the  convulsions.  Mean  reaction  degree  was 
compared. 

Behavioral  and  spontaneous  motor  activity  were  studied  using  the  open-field  test.  The  open-field 
chamber  was  rectangular  plastic  box  (400  x  400  x  450  mm  high),  open  at  the  top.  The  box  was  cleaned  using 
dilute  alcohol  before  each  trial  to  eliminate  odorous  cues.  Behavior  of  mice  and  their  activity  were  coded  by  a 
simple  computer  program  and  time  spent  in  the  central  zone  or  in  individual  corners  of  the  box  as  well  as  the 
length  of  locomotion  trajectory  were  evaluated. 

The  topical  complex  motor  skills  were  tested  using  four  methods: 

1)  Fall  -  releasing  the  mouse  (the  right  hand  grips  the  mouse  tail,  the  left  hand  the  skinfold  behind)  from  the 

height  of  30  cm  and  evaluation  of  the  drop  to  the  cushioned  table  either  to  four  extremities  or  to  the 
flank. 

2)  Wire  suspension  -  evaluation  of  the  mouse  ability  to  hang  on  a  horizontal  wire  (diameter  1  mm, 

40  cm  above  a  cushioned  table)  after  its  front  paws  were  placed  on  it.  The  criterion  for  success:  1  min. 

3)  Slanting  ladder  -  evaluation  of  the  mouse  ability  to  stay  on  or  climb  up  the  ladder  (length  35cm,  width  4  cm, 

distance  of  1  cm,  inclination  from  horizontal  60° )  after  being  positioned  in  the  middle  of  it  with  head 
upwards. 

4)  Rotating  cylinder  -  evaluation  of  the  mouse  ability  to  stay  on  a  slowly  rotating  cylinder  (diameter  15  cm, 

length  20  cm,  after  being  positioned  there  with  its  head  in  the  direction  of  the  rotation.The  criterion  for 
success:  1  min. 


Results 

The  animals  exposed  to  HF  EMF  from  1st  to  21 day  exhibited  body  weight  differences  between  them 
and  controls  only  in  C3H  wild  type  mice  females.  They  revealed  statistically  significant  body  weight  increase 
mainly  between  7th  and  18th  day  of  irradiation  (Fig.  3). 


Fig.  3:  Relative  body  weight  (b.w.)  increase  (in  grams)  in  C3H  wild  type  HF  EMF  irradiated  females  and 
controls  during  the  postnatal  period  1-21  days. 


The  animals  exposed  to  HF  EMF  between  days  91  and  120  of  their  life  exhibited  most  significant 
body  weight  differences  also  in  females  but  in  some  cases  in  males  too.  In  C3H  neurodefective  females  the 
significant  body  weight  increase  was  found  7  times  during  the  30  days  irradiation  period  (Fig.  4). 
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Fig.  4:  Relative  body  weight  (b.w.)  increase  (in  grams)  in  C3H  Lurcher  mutant  HF  EMF  irradiated  females  and 
controls  during  the  postnatal  period  91-  120  days. 


In  C57B1/7  neurodefective  females  were  no  significant  differences  between  HF  EMF  exposed  animals  and 
controls  while  the  HM  EMF  irradiated  neurodefective  males  revealed  significant  body  weight  increase  3  times 
during  the  first  half  of  the  irradiation  period  (Fig.  5). 


C57BI/7 +/I.c  males 


III  EMF 
controls 


p<0.05 


exposure  day 


Fig.  5  :  Relative  body  weight  (b.w.)  increase  (in  grams)  in  C57B1/7  Lurcher  mutant  HF  EMF  irradiated  males 
and  controls  during  the  postnatal  period  91-  120  days. 


Investigation  of  spatial  learning  ability  showed  no  statistically  significant  differences  in  latencies  of 
climbing  the  platform  and  the  lengths  of  trajectories  between  HM  EMF  exposed  animals  and  unexposed 
controls  of  both  types  (+/+,  +/Lc).  However,  HF  EMF  exposed  Lurcher  mutant  mice  revealed  significantly 
lower  swimming  speed  (in  D1  and  D2,  p<0.01  and  p<0.02  respectively)  in  comparison  with  controls  (Fig.  6). 
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Fig.  6:  Average  swimming  speed  in  C57B1/7  HF  EMF  irradiated  Lurcher  mutants  and  controls  in  individual 
days  of  the  spatial  learning  process  examination. 

Results  of  inhibitory  reaction  of  passive  avoidance  learning  showed  no  significant  differences  between 
HF  EMF  exposed  animals  and  unexposed  controls  of  both  types  (+/+,  +/Lc).  Any  significant  differences  were 
found  between  experimental  (irradiated)  animals  and  controls  neither  in  investigation  of  open  field  activity  nor 
in  the  examination  of  CNS  excitability  by  the  method  of  audiogenic  epilepsy.  Nevertheless,  HF  EMF  irradiated 
wild  type  mice  exhibited  mildly  lower  motor  activity  (on  the  margin  of  statistical  significancy)  in  the  open  field 
testing  when  compared  to  controls. 

Also  tests  of  complex  topical  motor  skills  did  not  show  any  statistically  significant  differences  between 
animals  exposed  to  HF  EMF  and  unexposed  controls.  On  the  other  hand  there  are  visible  clear  differences  in  the 
graphs  between  performances  of  healthy  wild  type  mice  a  neurodefective  Lurcher  mutants  (Figs.  7A,  B). 


Fig.  7A:  Meeting  criteria  in  individual  topical  motor  skills  tests  and  in  total  expressed  as  percentage  in  C57B1/7 
HF  EMF  irradiated  wild  type  mice  and  controls. 


1246 


THE  EFFECT  OF  HF  EMF  ON  SOME  SOMATIC  AND  NERVOUS  CHARACTERISTICS 


Fig.  7B:  Meeting  criteria  in  individual  topical  motor  skills  tests  and  in  total  expressed  as  percentage  in  C57B1/7 
HF  EMF  irradiated  Lurcher  mutant  mice  and  controls. 

Calculations  of  SAR  performed  in  connection  with  the  simulation  of  absorption  electromagnetic  energy 
by  experimental  animals  using  the  artificial  dielectric  model  showed  the  dependence  of  the  absorption  on  the 
real  topical  position  of  the  mouse  against  the  waveguide  and  was  in  the  range  of  0.05  to  1.44  mW/g  (Fig.  8). 


Fig.  8:  SAR  value  (in  mW/g)  expressed  as  different  hues  in  dependence  on  position  of  the  dielectric  mouse 
model. 


Summary 

Similarly  as  in  our  previous  works  the  results  were  obtained  in  healthy  and  partly  neurodefective  mice 
in  two  developmental  periods  chronically  exposed  to  HF  EMF  which  corresponded  to  that  used  in  GSM  mobile 
phones. 
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Both  healthy  and  partly  neurodefective  animals  were  used  and  some  of  experiments  were  realized  in 
both  types  of  mice  derived  from  two  different  strains.  The  fact  that  the  chronical  exposure  of  mice  to  HF  EMF 
was  performed  in  their  early  ontogeny  (during  the  first  3  weeks  of  life)  which  involved  ’’the  brain  growth  spurt” 
period  and  later  (from  3  to  4  month  of  life)  enabled  us  to  investigate  the  effect  of  HF  EMF  in  complex  and 
more  detailed  way. 

First  of  all,  the  results  of  our  experiments  showed  the  positive  effect  of  chronic  HF  EMF  exposure  on 
gentle  but  in  some  cases  significant  body  weight  increase  mainly  in  females  of  both  strains.  In  addition,  on  days 
(Dl,  D2)  HF  EMF  irradiated  C57B1/7  Lurcher  mutants  exhibited  significantly  lower  swimming  speed  in  the 
Morris  water  maze  when  compared  with  HF  EMF  unexposed  animals. 

Despite  other  examinations  didn't  show  any  further  significant  differences  between  HF  EMF  irradiated 
animals  and  HF  EMF  unexposed  controls  it  is  possible  to  say:  in  agreement  with  our  previous  results  the  HF 
EMF  revealed  the  indubitable  effect  on  some  somatic  and  neuro-behavioral  characteristics  in  newborn  and 
young  adult  animals.  This  is  the  reason  why  the  problem  of  the  biological  effect  of  HF  EMF  on  living  beings 
needs  to  be  further  studied. 


Acknowledgement 

The  work  was  supported  by  the  Research  Program  Project  MSM  CR  021620816 

References 

1.  Adey,  W.,  Byus,  C.,  Cain,  C.,  Higgins,  R.,  Jones,  R.,  Kean,  C.  et  ah:  Spontaneous  and  Nitrosourea- 
induced  Primary  Tumors  of  the  Central  Nervous  System  in  Fisher  344  rats  exposed  to  836  MHz 
Modulated  Microwaves.  Radiat  Res.  152:  293-302,  1999. 

2.  Bawin,  S.M.,  Adey,  W.R.:  Sensitivity  of  calcium  binding  in  cerebral  tissue  to  weak  environmental 
electrical  fields  oscillating  at  low  frequency.  Proc.  Natl.  Acad.  Sci.,  USA  73(6):  1999-2003,  1976. 

3.  Belyaev,  I.Y.,  Koch,  C.B.,  Terenius,  O.,  Roxtrom-  Lindquist,  K.,  Malmgren,  L.O.,  H.  Sommer,  W., 
Salford,  L.G.,  Persson,  B.R.:  Exposure  of  rat  brain  to  915  MHz  GSM  microwawes  induces  changes  in 
gene  expressuion  but  not  double  stranded  DNA  breaks  or  effects  on  chromatin  conformation. 

4.  Blackman,  C.F.,  Benane,  S.G.,  Rabinowitz,  D.E.,  House,  D.E.,  Joines,  W.T.:  Effects  of  ELF  fields  on 
calcium-ion  efflux  from  brain  tissue  in  vitro.  Radiation  Res.  92:  510-520,  1982. 

5.  Caddy,  K.W.T.,  Biscoe,  T.J.:  Structural  and  quantitative  studies  on  the  normal  C3H  and  Lurcher 
mutant  mouse.  Phil.  Trans.  Roy.  So.  Lond.  B.  287:  167-201,  1979. 

6.  Caddy,  K.W.T.,  Vozeh,  F.:  The  effect  of  3-acetylpyridine  on  the  inferior  olivary  degeneration  in  the 
Lurcher  mutant  and  wild  type  mice.  Europ.  J.  Pharmacol.  330:  137-142,  1997. 

7.  Cendelln  J.,  Schmidtmayerova  B.,  Stenglova  V.,  Vozeh  F.,  CNS  excitability  in  normal  and 
neurodefective  C3H  mice  exposed  to  high-frequency  electromagnetic  field.  Proceedings  of  Biological 

effects  of  EMFs,  3rc^  International  workshop,  Kos,  Greece,  4. -.8. 10. 2004,  Ed.  P.Kostarakis,  p. 866-871. 

8.  Cleary,  S.F.:  Cellular  effects  of  radiofrequency  electromagnetic  fields.  In:  Biological  Effects  and 
Medical  Applications  of  Electromagnetic  Energy  (O.  P.  Gandhi,  Ed.).  Engelewood  Cliffs,  New  Jersey, 
Prentice-Hall,  p  339,  1990a. 

9.  Cleary,  S.F.:  Biological  effects  of  radiofrequency  electromagnetic  fields.  In:  Biological  Effects  and 
Medical  Applications  of  Electromagnetic  Energy  (O.P.  Gandhi,  Ed.).  Englewood  Cliffs,  New  Jersey, 
Prentice-Hall,  p  236,  1990b. 

10.  Cleary,  S.F.:  Effects  of  radiofrequency  radiation  on  mammalian  cells  and  biomolecules  in  vitro.  In: 
Electromagnetic  Fields:  Biological  Interactions  and  Mechanisms  (M.  Blank,  Ed.).  Washington, 
American  Chemical  Society,  p  467,  1995. 

11.  Dubreuil,  D.,  Jay,  T.,  Edeline,  J.M.:  Does  head-only  exposure  to  GSM-900  electromagnetic  fields 
affect  the  performance  of  rats  in  spatial  learning  tasks?  Behav.  Brain  Res.  129:  203-210,  2002. 

12.  Dutta,  S.K.,  Ghosh,  B.,  Blackman,  C.F.:  Radiofrequency  radiation-induced  calcium-ion-effux 
enhancement  from  human  and  other  neuroblastoma  cells  in  culture.  Bioelectromagnetics  10:  197-202, 
1989. 

13.  Fritze,  K.,  Sommer,  C.,  Schmitz,  B.,  Mies,  G.,  Hossman,  K.,  Kiessling,  M.  et  ah:  Effect  of  global 
system  for  mobile  communication  (GSM)  microwave  exposure  on  blood-brain  barrier  permeability  in 
rat.  Acta  Neuropathol.  (Berlin)  94:  465-470,  1997. 

14.  Hardell,  L.,  Hallquist,  A.,  Hansson,  Mild,  K.,  Carlberg,  M.,  Piihlson,  A.,  Lilja,  A.:  Cellular  and 
Cordless  telephones  and  the  risk  for  brain  tumours.  Europ.  J.  of  Cancer  Prevention  11:  377-386,  2002. 

15.  Inaba,  R.,  Shishido,  K.,  Okada,  A.,  Moroji,  T.:  Effects  of  whole  body  microwave  exposure  on  the  rat 
brain  contents  of  biogenic  amines.  Eur.  J.  Appl.  Physiol.  65:  124,  1992. 


1248 


THE  EFFECT  OF  HF  EMF  ON  SOME  SOMATIC  AND  NERVOUS  CHARACTERISTICS 


16.  Jech,  R.,  Sonka,  K.,  Ruzicka,  E.,  Nebuzelsky,  A.,  Bohm,  J.,  Juklickova,  M.,  Nevsimalova,  S.: 
Electromagnetic  field  of  mobile  phones  affects  visual  event  related  potential  in  patiens  with 
narcolepsy.  Bioelectromagnetics  22  (7):  519-28,  2001. 

17.  Koivisto,  M.,  Krause,  C.M.,  Revonsuo,  A.,  Laine,  M.,  Hamalainen,  H.:  The  effects  of  electromagnetic 
field  emitted  by  GSM  phones  on  working  memory.  Neuroreport  11:  1641-3,  2000. 

18.  Lai,  H.,  Horita,  A.,  Guy,  A.W.:  Microwave  irradiation  affects  radial-arm  maze  performance  in  the  rat. 
Bioelectromagnetics  15:  95-104,1994. 

19.  Lai,  H.:  Spatial  learning  deficit  in  the  rat  after  exposure  to  a  60  Hz  magnetic  field.  Bioelectromagnetics 
17:  494-496,  1996. 

20.  Lai,  H.,  Carino,  M.A.,  Ushijima,  I.:  Acute  exposure  to  a  60  Hz  magnetic  field  affects  rats'  water-  maze 
performance.  Bioelectromagnetics  19:  117-122,  1998. 

21.  Liu,  D.S.,  Astumian,  R.,  Tsong,  T.:  Activation  of  Na+  and  K+  pumping  modes  of  NA/K-ATPase  by  an 
oscillating  electric  field.  J.  Biol.  Chem.  265:  7260,  1990. 

22.  Malmgren,  L.:  Radio  frequency  systems  for  NMR-imaging-Coil  development  and  studies  of  non- 
thermal  biological  Effects.  Series  of  Licentiate  and  Doctoral  These,  No.  6,  Department  of  Applied 
Electronics,  Lund  University,  Lund,  Sweden.  1998. 

23.  Merritt,  J.H.,  Chamness,  A.F.,  Hartzell,  R.H.,  Allen,  S.J.:  Orientation  effects  on  microwave-induced 
hyperthermia  and  neurochemical  correlates.  J.  Microwave  Power  12:  167,  1977. 

24.  Modak,  A.T.,  Stavinoha,  W.B.,  Dean,  U.P.:  Effect  of  short  electromagnetic  pulses  on  brain 
acetylcholine  content  and  spontaneous  motor  activity  in  mice.  Bioelectromagnetics  2:  89,  1981. 

25.  Persson,  B.,  Salford,  L.:  Permeability  of  the  blood-brain  barrier  in  rats  induced  by  continuous  wave  and 
pulse-modulated  915  MHz  electromagnetic  radiation  exposure  in  TEM-cells.  (Chiabrera  A,  Juutilainen 
J,  eds).  Brussel:  EU  DG  XIII,  66-72,  1996. 

26.  Persson,  B.,  Salford,  L.,  Brun,  A.:  Blood-  brain  barrier  permeability  in  rats  exposed  to  electromagnetic 
fields  used  in  wireless  communication.  Wireless  Networks  3:  455-461,  1997. 

27.  Repacholi,  M.,  Basten,  A.,  Gebski,  V.,  Noonan,  D.,  Finni,  J.,  Harris,  A.W.:  Lymphomas  in  Ep-Pim  1 
transgenic  mice  exposed  to  pulsed  900  MHz  electromagnetic  fields.  Rad.  Res.  147:  631-640,  1997. 

28.  Salford,  L.G.,  Brun,  A.,  Persson,  B.:  Brain  tumour  development  in  rats  exposed  to  electromagnetic 
fields  used  in  wireless  communication.  Wireless  Networks  3:  463-469,  1997a. 

29.  Salford,  L.G.,  Person,  B.,  Malmgren,  L.,  Brun,  A.:  Telephonie  Mobile  et  Barriere  Sang-Cerveau.  In: 
Telephonie  Mobile-Effets  Potentiels  sur  la  Sante  des  Ondes  Electromagnetiques  de  Haute  Frequence. 
(Pietteur  Marco,  ed.)  Embourg,  Belgium,  141-152,  2001. 

30.  Salford,  L.G.,  Brun,  A.E.,  Eberhardt,  J.L.,  Malmgren,  L.,  Persso,  B.R.:  Nerve  cell  damage  in 
mammalian  brain  after  exposure  to  microwaves  from  GSM  mobile  phones.  Environ  Health  Perspect 
111  (7):  8813,  2003. 

31.  Sienkiewicz,  Z.J.,  Haylock,  R.G.,  Saunders,  R.D.:  Deficits  in  spatial  learning  after  exposure  of  mice  to 
a  50  Hz  magnetic  field.  Bioelectromagnetics  19:  79-84,  1998. 

32.  Tore,  F.,  Dulou,  P.E.,  Haro,  E.,  Veyret,  B.,  Aubineau,  P.:  Two-hour  Exposure  to  2  W/kg,  900  MHz 
GSM  microwaves  induces  Plasma  Protein  Extravasation  in  Rat  Brain.  In:  Proceedings  from  the  5th 
International  Congress  of  the  European  Bioelectromagnetics  Association,  6  September  2001  (Hictancn, 
M,  Jokela,  K,  Juutilainen,  J,  eds.).  Finnish  Institute  of  Occupational  Health,  Helsinki,  43-45,  2001. 

33.  Vozeh,  F.,  Cendelfn,  J.,  Motanova,  A.:  The  development  of  different  types  of  learning  in  cerebellar 
degeneration  model.  Homeostasis  39:  248-250,  1999. 

34.  Vozeh,  F.,  Barcal,  J.,  Cendelfn,  J.,  Korelusova,  I.,  Stenglova,  V.,  Zalud,  V.:  The  effect  of  high- 
frequency  electromagnetic  field  on  some  brain  function  in  healthy  and  neurodefective  mice, 

rrl 

Proceedings  of  Biological  effects  of  EMFs,  3  International  workshop,  Kos,  Greece,  4. -.8. 10.2004, 
Ed.  P.Kostarakis,  p.  1113-1 120. 

35.  Wang,  B.,  Lai,  H.:  Acute  exposure  to  pulsed  2450-MHz  microwaves  affects  water-maze  performance 
of  rats.  Bioelectromagnetics  21:  52-56,  2000. 

36.  Weinberger,  Z.,  Richter,  E.D.:  Cellular  telephones  and  effects  on  the  brain:  The  head  as  an  antenna  and 
brain  tissue  as  a  radio  receiver.  Med.  Hypotheses  59:  703-705,  2002. 

37.  Zuo,  J.,  De  Jager,  P.L.,  Takahasi,  K.J.,  Jiang,  E.,  Linden,  D.  J.,  Heintz,  H.:  Neurodegeneration  in 
Lurcher  mice  caused  by  mutation  of  82  glutamate  receptor  gene.  Nature  388:  769-773,  1997. 


1249 


FAST  MICRODOSIMETRY 


Z.  WANG,  Y.  ALFADHL,  X.  CHEN 


DEPARTMENT  OF  ELECTRONIC  ENGINEERING,  QUEEN  MARY,  UNIVERSITY 

OF  LONDON, 

MILE  END  ROAD,  LONDON,  El  4NS,  UK 


Abstract 

Microdosimetry  has  emerged  as  an  interesting  area  in  the  electromagnetic  studies  at  cellular  level.  However,  it  is 
confronted  with  the  difficulty  of  the  treatment  of  the  thin  cell  membrane,  which  often  leads  to  extremely  large 
memory  usage  and  long  running  time  in  simulation.  In  this  paper,  we  have  introduced  a  technique  for  fast 
microdosimetry  in  the  RF  band.  A  simple  double  layer  spherical  cell  model  has  been  set  up  with  given  dielectric 
properties.  Under  the  quasi-static  approximation,  the  E  field  of  the  cell  model  can  be  evaluated  by  solving 
Laplace’s  equation.  This  simple  cell  model  was  solved  by  using  Finite  Element  Method  (FEM),  verified  with 
analytical  solution  and  MIE  theory.  Next,  the  FEM  with  quasi-static  approximation  has  been  applied  to  evaluate 
the  EM  field  interaction  with  the  cells  in  various  shapes,  such  as  ellipsoidal,  cylindrical  and  erythrocyte.  It  is 
demonstrated  that,  under  the  same  meshing  scheme,  the  FEM  with  quasi-static  approximation  runs  much  faster 
than  the  FEM  solving  full-wave  Maxwell’s  equations. 


I.  Introduction 

Recently,  microdosimetry,  i.e.  the  numerical  study  of  EM  fields  interacting  with  the  cellular  and  sub-cellular 
substances  has  received  considerable  interest.  However,  microdosimetry  is  confronted  with  a  major  difficulty, 
that  is,  the  treatment  of  the  thin  cell  membrane,  which  quite  often  leads  to  extremely  large  memory  usage  and 
long  running  time  in  simulation.  In  the  previous  work  [1],  FEM  (Finite  Element  Method)  with  adaptive  meshing 
has  been  used  to  solve  the  Maxwell’s  equations  to  evaluate  the  electric  field  distribution  within  cells.  In  the 
literature  [2],  quasi-static  approximation  was  introduced  to  simplify  the  problem,  i.e.,  the  electric  field 
distribution  being  approximately  evaluated  by  solving  Laplace’s  equation. 

In  this  paper,  a  quantitative  evaluation  of  the  quasi-static  approximation  has  been  performed  on  a  simple  double 
layer  spherical  cell  model  at  first.  It  is  demonstrated  that,  under  the  same  meshing  scheme,  the  FEM  with  quasi¬ 
static  approximation  runs  much  faster  than  the  FEM  solving  full-wave  Maxwell’s  equations.  The  FEM  with 
quasi-static  approximation  has  been  applied  to  evaluate  the  EM  field  interaction  with  the  cells  in  various  shapes, 
such  as  ellipsoid,  cylinder  and  erythrocyte. 


II.  The  models 

The  initial  cell  model  in  this  study  is  a  rigid  particle  rounded  by  a  thin  shell,  representing  a  cell  with  membrane, 
with  homogeneous,  lossy  and  dispersive  dielectric  properties  for  each  layer,  as  shown  in  figure  1.  The  cell 
radius  is  normally  10  pm  and  membrane  thickness  is  10  nm.  The  cell  is  exposed  to  a  linear  polarized  plane  wave 
with  the  electric  field  E0  of  lV/m  in  the  external  medium.  Due  to  the  axial  symmetry;  a  2D  model  is  adopted  to 
evaluate  the  electric  field  distribution  within  the  cell. 


The  frequency-dependent  dielectric  properties  of  the  cytoplasm,  membrane  and  external  medium  vary  according 
to  the  Debye  1st  order  relaxation  model,  which  will  be  further  discussed  in  section  3.1.  The  values  at  2.45GHz 
are  listed  in  table  1 . 


Cytoplasm  (Oi) 

Membrane  (02) 

External  (C3) 

Permittivity  (e) 

55.6 

11.3 

75.3 

Conductivity  (a) 

1.43 

0 

2.04 

Table  1  Dielectric  properties  of  cell  compartments  at  2.45  GHz 
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Fig.  1  Double  layer  cell  model  with  cell  radius  10  |rm  and  membrane  thickness  10  nm. 


2.1  Quasi-static  analysis  by  solving  Laplace’s  equation 


The  wavelength  at  the  studying  frequency  band  (100MHz  ~  100GHz)  is  much  larger  than  the  cell  dimension,  so 
the  quasi-static  approximation  applies  in  this  study.  Therefore,  Laplace’s  equation  together  with  the  boundary 
conditions  on  the  interfaces  is  sufficient  to  define  the  problem. 

V2<f>  =  0  In  O]  Q2  G3  (1) 


(s2E2  ~£\E\  )•«  =  0  OnD 

[s3E3 -s2E2)-n  =  0  OnT2 


The  analytical  solutions  of  the  Laplace’s  equation  in  a  spherical  cell  model  can  be  solved  as  follows. 

3£2£3  r> 


Eln  =■ 


E  2n=- 


E  3n  =E  o  + 


> i£i  +  2s3)+  2a(sl  - e2 X£i  ~£2)  ° 

_ £A£  i+2g2) _ E 

2  +2 £-3  )+  2a{£\  -  £1  X^3  -  £2  )  ° 

(1  +  cos  2  6>)rt3 _ g3(g l  ~  £2 ) _ E 

r3  £2(£i  +2e3)+2a(s1  -£2X£3 -£2)  ° 
(1  +  cos 2  6) A  £2{s\  -s3 )-a(sl  —  £* 2 3  -£2) 


,  (sl  +  2s 3 )+  2a[sx  -  s2  Xs 


In  Q, 


In 


InfL 


where  a  = 


(2a) 


(2b) 


(2c) 


In  addition  to  the  analytical  solution,  the  Laplace’s  equation  (Equation  1)  can  also  be  solved  numerically.  The 
numerical  solution  was  performed  in  the  trial  version  v3.2b  of  Comsol  Multiphysics  (FEMLAB)  based  on  FEM 
(Finite  Element  Method).  Meshing  scheme  of  a  quarter  of  the  cell  model  and  the  zoom-in  view  of  mesh  on  the 
membrane  are  shown  in  figure  2. 


Figure  2  Meshing  schemes  of  the  cell  model:  (a)  mesh  on  a  quarter  of  a  cell;  (b)  the  zoom-in  view  of  mesh  on  the  membrane 
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2.2  Full-wave  analysis  by  solving  Maxwell’s  equations 


On  the  other  hand,  the  full  wave  equation,  i.e.  Maxwell’s  equations  is  a  complete  description  of  the  problem. 
The  theoretical  solution  of  Maxwell’s  equations  is  obtained  based  on  the  Mie  theory,  which  solves  the 
Helmholtz’s  equations  in  the  studying  regions.  Boundary  conditions  at  the  interfaces  I  ,  and  T2  are  involved  with 
the  electric  and  magnetic  fields  of  the  incident  wave. 

V2E  +  k2E  =  0  (3a) 


V2//  +k2H  =  0 


In  dlj  1^2  1^3 


(3b) 


(e2  -  E,  )x eT  =  0;  (h2-H1  )x eT  =  0;  On  T, 

{E,  +E3-E2  )x  eT  =  0;  [h  t  +  H3-H2)x  er  =  0;  On  r2 


The  calculated  electric  and  magnetic  fields  are  expressed  by  the  vector  harmonics  Mo/n,  MeIw  Nolm  NeIn 
(products  of  cosine,  Legendre  and  Bessel  functions  of  corresponding  parameters  in  spherical  coordinate  system) 
in  equation  4.  The  coefficients  an,  b,„  c„,  dlv  /„,  gn,  v„  and  w„  are  solved  by  the  wave  expressions  together  with 
the  boundary  conditions.  The  summation  of  infinite  elements  in  the  following  equations  provides  the  accurate 
result,  which  is  not  applicable  in  practical  calculation,  so  the  element-summation  truncation  number  N  is 
selected  as  12  to  balance  the  accuracy  and  computation  overheads. 


-  \  -  2n+ 1  (  -  ( 


(i) 
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In  idnNeln/ 
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(4d) 

(4e) 


n= 1 


H  3  = 
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2  n  +  1 
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(4f) 


The  Maxwell’s  equations  are  also  solved  by  FEM  in  the  Comsol  Multiphysics  (FEMLAB)  as  the  full-wave 
analysis,  using  the  same  meshing  scheme  as  the  quasi-static  method,  as  shown  in  figure  2.  The  scattering 
boundary  conditions  are  used  assuming  the  boundary  is  transparent  for  the  scattered  wave. 


2.3  Results 

Figure  3  shows  the  calculated  E-fields  by  using  Mie  theory  (red  dotted  line)  and  the  Laplace’s  solution  (red 
solid  line),  compared  with  the  numerical  calculated  results  of  full-wave  (blue  dotted  line)  and  quasi-static  FEM 
(blue  solid  line).  It  is  observed  that  the  two  dotted  lines  (Mie  theory  and  FEM  with  full-wave)  agree  with  each 
other  quite  well,  presenting  a  more  accurate  evaluation  than  the  other  two  methods  based  on  the  quasi-static 
approximation  (Laplace’s  solution  and  FEM  with  quasi-static).  However,  the  largest  discrepancy  between  them 
is  no  more  than  5%,  which  is  acceptable  in  the  estimation  of  the  field  distribution  in  cell  modelling. 

The  left  part  of  the  separator  symbol  (7/’)  on  figure  3  shown  the  electric  field  distribution  near  the  membrane  of 
the  cell.  The  field  inside  the  cell  is  slightly  higher  than  the  external  field  strength  (lV/m),  and  the  field  outside 
the  cell  is  lower  than  the  external  field.  The  right  part  (right  of  7/’)  showed  that  the  electric  field  increases  while 
leaving  the  edge  of  the  cell,  and  approaches  the  external  field  strength  gradually. 
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Figure  3  Electric  field  distributions  along  the  axis  parallel  to  the  external  field  (analytical  and  numerical) 


Solving  the  2D  cell  model  with  quasi-static  approximation  took  2  minutes  27  seconds  in  the  simulation  software 
FEMLAB,  whereas  the  full-wave  analysis  of  the  same  cell  model  and  meshing  scheme  took  26  hours  48 
minutes,  both  on  a  2.80GHz  PC  with  512M  memory.  Therefore,  the  fast  microdosimetry  based  on  quasi-static 
approximation  is  much  more  efficient  than  the  traditional  full-wave  analysis  while  maintaining  acceptable 
accuracy  (<5%  error).  All  the  simulations  in  next  two  sections  use  the  models  based  on  the  quasi-static 
approximation. 


III.  Analyses 

3.1  Influences  of  dielectric  properties 

The  cytoplasm  was  modelled  as  physiological  saline  (0.07N)  containing  a  protein  volume  fraction  of  0.262,  so 
the  relative  permittivity  and  the  conductivity  were  obtained  in  literature  [3].  As  a  protein  solution,  the  major 
dispersion  at  microwave  frequencies  is  dominated  by  the  water  relaxation  near  20GHz,  and  diminished  a  little 
due  to  the  proteins’  displacement  of  a  corresponding  volume  of  water.  The  membrane,  as  a  phospholipid  bilayer, 
has  a  frequency-independent  relative  permittivity  of  11.3  (membrane  capacity  1.0pF/cm2)  and  conductivity  of  0 
[4].  The  external  medium  is  assumed  to  have  the  frequency-dependent  dielectric  properties  of  physiological 
saline  (0.15N)  [4]  with  a  static  and  infinite  frequency  permittivity  values  of  76  and  5,  respectively.  There  is  no 
apparent  difference  between  the  relaxation  frequency  of  the  medium  and  that  of  the  pure  water,  which  is  20GHz 
at  room  temperature.  The  characteristic  values  of  the  dielectric  properties  on  the  three  sub-domains  are  listed  in 


table  2. 


Cytoplasm  (Qi) 

Membrane  (Q?) 

External  (G3) 

57 

11.3 

76 

£ in 

5 

0 

5 

fc  (Hz) 

15e9 

- 

20e9 

as  (S/m) 

0.3 

0 

1.1 

Table  2  Dielectric  properties  of  double  layer  cell  model 


The  parameters  illustrated  in  table  2  are  static  relative  permittivity,  infinite  frequency  relative  permittivity, 
relaxation  frequency  and  static  conductivity,  respectively.  The  frequency  dependent  permittivities  are  plotted  in 
figure  4.  The  electric  fields  inside  and  outside  the  cell  are  almost  uniform,  whereas  the  field  concentrated  on  the 
membrane  varies  according  to  the  theta  angle  in  the  polar  coordinate.  The  maximum  value  of  the  field  intensity 
happens  at  the  zenith  angle  (90°),  and  depends  on  the  frequency,  as  plotted  in  figure  5. 


1253 


Z.  WANG,  Y.  ALFADHL,  X.  CHEN 


- CL- Cytoplasm  - CL- Membrane  . CL- External 


1.00E+07  1.00E+08  1J0OE+O9  U00E+10  1.00E+11 

Frequency  (H^ 

Figure  4  Debye  1st  order  relaxation  properties  of  cell 
model  (Relative  permittivity) 


- Simula  ion .  Calculation  | 


1  .COE +07  1.00E+08  1.00E+09  1.00E+10  1  HOE +11 

Frequency  (Hz) 

Figure  5  Maximum  E  fields  on  the  membrane  of  the 
spherical  cell  model 


Figure  5  displays  the  electric  field  simulated  by  FEM  with  quasi-static  approximation  and  calculated  by  directly 
solving  Laplace’s  equation.  The  two  curves  agree  with  each  other  very  well.  With  the  logarithm  scaled  axes, 
figure  5  illustrates  that  at  the  lower  frequency  band,  the  E-fields  are  not  significantly  dependent  on  the  dielectric 
model.  While  at  the  higher  frequency  range  the  maximum  electric  field  is  strongly  dependent  on  the  frequency, 
which  agrees  well  with  the  trends  shown  in  figure  4  of  the  dielectric  properties. 


3.2  Elliptical  cells 

One  of  the  most  common  cells  shapes  is  ellipsoid,  which  has  one  more  dimensional  variable  than  the  spherical 
model,  axial  ratio  (the  ratio  between  major  and  minor  axes).  When  the  cell  is  exposed  to  the  plane  wave 
illumination,  the  electric  field  also  concentrates  on  the  membrane  and  the  maximum  electric  field  appears  at  the 
zenith  angle  of  the  cell.  The  dielectric  properties  used  in  the  simulations  in  this  section  are  the  same  values  as 
listed  in  table  1.  Amplitudes  of  the  maximum  electric  fields  of  the  cell  model  with  different  axial  ratios  are 
plotted  in  figure  6. 


Figure  6  Maximum  E  fields  on  the  membrane  of  the  ellipsoidal  cell  (according  to  different  axial  ratio) 

Figure  6  presents  that  the  maximum  electric  field  is  higher  when  the  major  axis  of  the  ellipsoidal  cell  is 
perpendicular  to  the  external  field,  and  the  value  decreases  while  the  minor  axis  increasing.  When  the  major  axis 
is  parallel  to  the  external  field,  the  E  field  value  increases  with  the  increasing  of  the  minor  axis.  Plotting  the  E 
field  amplitude  according  to  the  axial  ratio  in  logarithm  scale,  this  relationship  is  approximately  linear. 

The  ellipsoid  exposed  to  external  electric  fields  with  different  polarisations  as  illustrated  in  Figure  7  has  also 
been  investigated.  The  maximum  value  of  electric  field  presents  at  the  frontier  of  the  structure.  Figure  8  shows 
the  maximum  electric  field  on  the  membrane  decreasing  when  the  external  electric  field  polarisation  changing 
from  0  degree  to  90  degree. 
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Figure  7  Ellipsoidal  cell  exposed  to  electric  field 
with  different  polarisation 


Figure  8  Maximum  eelectric  fields  on  the  membrane  of  the 
ellipsoidal  cell  (according  to  different  polarisation  of  external 
electric  field) 


3.3  Other  shapes  of  models 

The  geometric  shape  of  the  structure  also  influences  the  maximum  electric  field  on  the  membrane.  For  a  cell 
model  with  length  10  microns  and  width  5  micros,  the  maximum  E  fields  of  the  ellipsoids,  rods  and  erythrocytes 

are  compared  in  Table  3.  The  “vertical  (TO0)”  and  “horizontal  (->90o)”  in  Table  3  indicates  the  directions  of 
external  electric  field  as  shown  in  Figure  4.  The  location  of  maximum  electric  field  is  labelled  by  the  red  circles 


in  Table  3. 


E  field  (external  E0 

:  horizontal  -*■  90°) 

E  field  (external  E0:  vertical  1 0°) 

Ellipsoid 

dd 

4.776 

c  ;> 

5.415 

cp 

Rod 

(  ) 

4.762 

CD 

5.492 

Dp 

Erythrocyte 

CD 

4.779 

CD 

5.780 

Table  3  E  fields  on  the  membrane  (according  to  different  cell  shapes) 


IY.  Summaries 

In  this  paper,  a  fast  microdosimetry  technique  based  on  the  quasi-static  approximation  has  been  studied.  It  is 
demonstrated  that  the  fast  microdosimetry  technique  runs  much  faster  than  the  one  working  with  full-wave 
analysis,  while  maintaining  acceptable  accuracy.  The  following  analyses  of  frequency-dependent  dielectric 
properties  of  the  simple  cell  model  have  revealed  their  influences  on  the  electric  field  concentration  on  the 
membrane.  In  addition,  the  effects  of  the  various  shapes  of  cell  models  have  been  also  been  investigated.  In  the 
future,  the  fast  microdosimetry  can  be  performed  on  more  realistic  cell  models,  in  order  to  study  the  field 
distribution  and  transmembrane  potential  of  the  cell. 
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Abstract 

The  effect  of  the  spatial  magnetic  gradient  in  static  magnetic  field  (SMF)  exposure  on  the  velocity  of  chemical 
wave  in  Belousov-Zhabotinsky  (BZ)  reaction  was  examined.  The  BZ  medium  was  exposed  to  SMF  of  maximum 
magnetic  flux  density  210  mT  and  maximum  spatial  gradient  37  mT/mm  for  a  period  of  up  to  20  min  at  room 
temperature.  The  SMF  was  generated  by  a  parallel  pair  of  attracting  rectangular  NdFeB  magnets  positioned 
opposite  to  each  other.  The  results  suggested  three  characteristics  for  the  alternation  of  BZ  chemical  wave 
formation:  (1)  the  magnetic  gradient  could  be  the  dominant  factor  for  the  alternation  of  the  chemical  wave;  (2) 
the  direction  of  accelerated  velocity  of  chemical  wave  was  vertical  to  the  direction  of  magnetic  gradient;  (3)  the 
effect  was  symmetry  to  the  gradient  direction  and  our  experiments  demonstrate  clearly  that  The  effect  of  SMF  on 
the  chemical  wave  propagation  was  affected  by  the  thickness  of  the  BZ  medium. 


1.  Introduction 

It  has  been  reported  that  static  magnetic  field  (SMF)  can  influence  physicochemical  reactions  [Boga  et  ah, 
1990;  He  et  ah,  1994]  and  biochemical  reactions  [Harkins  and  Grissom,  1994],  and  therefore  it  has  been 
predicted  that  SMF  might  affect  auto-oscillations  in  the  nonequilibrium  system.  We  used  the  Belousov- 
Zhabotinsky  (BZ)  reaction  known  as  nonequiriblium  system  and  one  of  the  simplest  chemical  oscillators  in  order 
to  test  this  hypothesis.  The  steady  oscillations  of  BZ  reaction  can  be  easily  observed  for  a  long  period.  The 
present  study  shows  that  the  spatial  magnetic  gradient  in  the  SMF  exposure  affects  the  velocity  of  chemical  wave 
propagation.  This  phenomenon  could  be  attributed  primarily  to  the  magnetic  force  acting  the  iron  ion  complexes 
in  the  BZ  solution. 


2.  Experiment 

The  BZ  medium  of  20  ml  contains  the  following  solutions:  (1)  7  ml  H20,  (2)  3  ml  NaBrC>3  (1  M),  (3)  2  ml 
H2S04  (3  M),  (4)  2  ml  CH2(COOH)2  (1  M),  (5)  2  ml  NaBr  (3  M),  and  (6)  4  ml  Fe[(phen)3]2+  (20  mM).  Every 
solution  from  (1)  to  (5)  was  added  in  number  order.  After  these  5  solutions  were  mixed  in  a  glass  vessel,  the 
solution  turned  yellowish,  started  to  fade  and  became  colorless  in  some  minutes.  In  the  end,  solution  (6)  ferroin 
was  added  into  the  previous  solution. 

The  magnetic  device  is  constructed  using  a  pair  of  rectangular  neodymium  magnets  (Fig.  1).  The  opposite 
magnets  attracting  each  other  through  a  26  mm  air  gap  are  fixed  parallel  to  both  sides  of  the  stainless  frame.  The 
maximum  magnetic  flux  density  was  measured  to  be  approximately  210  mT  at  the  bottom  center  of  the  Petri  dish 
by  using  a  gaussmeter  (Model  4048,  Hall  probe  A-4048-002;  Bell  Technologies,  Orlando,  FL,  USA). 

(1)  The  BZ  medium  was  put  into  a  petri  dish  with  a  diameter  140  mm  (3030-150;  rwaki  Glass  Co,  Japan), 
which  was  put  on  a  magnetic  device  (Fig.l).  BZ  reaction  was  initiated  at  the  center  of  the  Petri  dish  using  a 
silver  wire.  The  images  were  taken  by  a  digital  video  camera  (DIGICAM,  NV-GS250-S,  Panasonic,  Japan)  from 
above.  The  pictures  were  quantified  by  using  Scion  software  (Scion  Image;  Scion,  Frederick,  MD,  USA).  All  the 
experiments  were  carried  out  at  a  room  temperature.  Four  independent  experiments  were  averaged  per  data 
point.  All  values  are  expressed  as  mean  ±  SD. 

(2)  To  examine  the  effect  of  the  thickness  of  BZ  medium  on  the  chemical  wave  propagation,  the  thickness 
of  BZ  medium  was  controlled  from  0.5  to  0.9  mm  at  0.2  mm  intervals  by  slipping  some  cover  glasses  with  a 
thickness  0.1  mm  in  between  two  square  plates.  These  plates  were  put  on  one  side  of  the  magnetic  device  with 
the  edges  of  the  plates  parallel  to  the  inner  line  of  the  magnet.  The  BZ  medium  was  poured  in  between  two 
plates.  BZ  reaction  was  initiated  from  the  edge  of  plates  using  a  silver  wire  to  observe  chemical  wave 
propagation  from  the  center  of  the  device.  The  images  were  taken  by  a  digital  video  camera  in  the  same  way  as 
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the  previous  experiment. 


Fig.l.  Experimental  device 

A  Petri  dish  with  a  diameter  140  mm  was  put  on  the 
magnetic  table  where,  two  parallel  rectangular  magnets 
(NdFeB,  L.  80  x  W.  18  x  H.  55  mm,  TDK  Corporation, 
Japan)  attract  each  other. 


3.  Results  and  discussions 

The  concentric  propagation  of  chemical  wave  was  observed  in  the  BZ  medium  when  sham  exposure  was 
performed  without  magnet  (the  background  geomagnetic  field  intensity  at  our  laboratory  is  ~50  pT)  (Fig.2A). 
On  the  other  hand,  the  different  propagation  from  concentric  pattern  of  chemical  wave  was  observed  when  the 
BZ  medium  was  exposed  to  SMF  (Fig.2B).  The  thickness  of  BZ  medium  in  the  petri  dish  was  1.3  mm. 

These  results  suggested  three  characteristics  for  the  alternation  of  BZ  chemical  wave  formation:  (1)  the 
magnetic  gradient  could  be  the  dominant  factor  for  the  alternation  of  the  chemical  wave;  (2)  the  direction  of 
accelerated  velocity  of  chemical  wave  was  vertical  to  the  direction  of  magnetic  gradient;  (3)  the  effect  was 
symmetry  to  the  gradient  direction. 

The  velocity  of  chemical  wave  of  BZ  reaction  to  Y  direction  was  accelerated  on  the  inner  line  of  the  magnet 
where  the  magnetic  gradient  to  X  direction  was  maximum  (Fig. 2).  This  result  indicates  that  the  BZ  chemical 
reaction  was  accelerated  to  one  direction  by  the  magnetic  gradient,  and  that  the  direction  was  perpendicular  to 
the  gradient.  The  chemical  wave  can  be  visualized  by  the  oxidation-reduction  reaction  of  ferroin.  However,  BZ 
reaction  is  induced  by  the  complicated  combination  of  several  chemical  reaction  steps.  Ions  produced  in  the 
chemical  reaction  could  be  affected  by  the  inhomogeneous  magnetic  field.  The  alternation  of  the  chemical  wave 
propagation  in  BZ  reaction  could  be  caused  by  the  different  orientation  of  iron  ions  under  SMF  exposure  from 
that  of  sham  exposure  (no  magnet). 

In  order  to  quantify  the  alternation  of  chemical  wave,  the  angles  0  of  tangent  line  of  the  chemical  wave 
front  to  the  inner  line  of  the  magnet  defined  in  Fig.  3  were  measured  under  the  both  conditions  of  sham  exposure 
(no  magnet)  and  SMF  exposure  (Fig.4).  The  deformation  rates  of  chemical  wave  in  SMF  exposure  were 
significantly  larger  and  reached  their  maximum  levels  earlier  than  those  in  sham  exposure. 


Y 


Fig.2.  (A)  Chemical  wave  not  exposed  to  magnets  (sham  exposure)  (B)  Chemical  wave 
exposed  to  magnets  (SMF  exposure;  white  dashed  lines  correspond  to  the  position  of 
magnets) 
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Fig. 3.  Angle  0  of  tangent  line  of  the  chemical-wave 
front  to  an  inner  line  of  the  magnet  (dashed  line 
corresponds  to  the  position  of  magnet) 


ANo  magnet  •SMF  exposure 


Fig. 4.  Angles  defined  in  Fig. 3  measured  per 
data  point  in  the  case  of  no  magnet  and  SMF 
exposure 


♦  0.5  mm  "  0.7  mm  A  0.9  mm 


Fig. 5.  Angles  defined  in  the  same  way  as  Fig. 3 
per  data  point  of  BZ  reaction  of  several 
thickness  0.5,  0.7,  0.9  mm  of  BZ  medium 


Time  (min) 

The  effect  of  SMF  on  the  chemical  wave  propagation  was  affected  by  the  thickness  of  the  BZ  medium  as 
shown  in  Fig. 5.  When  the  thickness  of  BZ  medium  was  different,  the  velocity  of  reaction  front  varied.  Therefore, 
the  forms  of  chemical  wave  propagation  were  different  among  three  conditions.  The  thicker  the  BZ  medium  was, 
the  larger  the  deformation  rate  of  chemical  wave  was.  However,  there  was  no  significant  difference  per  data 
point  between  the  thickness  0.7  and  0.9  mm.  It  is  conceivable  that  the  degree  of  the  chemical  wave  propagation 
would  not  change  in  the  case  of  both  more  than  constant  thickness  and  less  than  the  threshold  of  thinner 
thickness.  This  means  that  there  is  a  window  effect  of  SMF  on  the  deformation  rate  of  chemical  wave  depending 
on  the  thickness  of  the  BZ  medium.  The  result  given  in  Fig. 5  includes  the  factor  of  the  velocity  of  the  reaction 
front  on  the  inner  line  of  the  magnet.  The  elements  of  the  distance  of  reaction  front  should  be  taken  into  account 
in  order  to  quantify  the  anomalous  propagation  in  detail. 
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Abstract 

The  hydrogen  peroxide  (H2O2)  which  is  formed  in  cell  bathing  aqueous  solution  upon  Electromagnetic 
Fields  (EMF)  exposure  is  very  often  considered  as  the  most  reliable  messenger  through  which  the  biological 
effect  of  EMF  is  realized.  To  check  this  hypothesis  the  comparative  study  of  the  effects  of  4Hz  EMF-treated  and 
H202  -  containing  physiological  solutions  (PS)  on  Ach  sensitivity  of  snail  neuron  as  well  as  on  the  nerve  tissue 
hydration  were  studied.  The  4  Hz  EMF-treated  and  H202-containing  PS  at  room  temperature  (23°C)  had 
depressing  effects  on  Ach-induced  current,  while  in  cold  medium  (12°C)  these  effects  disappeared.  The  EMF- 
treated  ouabain-containing  and  K-free  PS  elevated  the  amplitude  of  Ach-induced  current,  while  the  H202  - 
containing  PS  has  inhibitory  effect  on  it.  The  both,  EMF-treated  and  H202  -containing  PS  have  dehydration 
effects  on  cell  hydration  in  nerve  ganglia.  It  is  suggested  that  the  ELF  EMF-induced  H202  formation  could  serve 
as  one  of  the  metabolic  pathways  through  which  the  depressing  effect  of  ELF  EMF  on  membrane 
chemosensitivity  is  realized. 

Key  words:  EMF,  H202j,  neuron,  acetylcholin  -sensitivity,  membrane,  cell  volume. 


Introduction 

Although,  the  abundance  of  experimental  data  on  the  biological  effect  of  magnetized  water  and  water 
solutions  on  different  cells  and  organisms  are  available  (Klassen,  1982;  Ayrapetyan  et  al.,  1994a;  Ayrapetyan, 
2006),  the  nature  of  the  messenger  transferring  the  signal  of  magnetic  and  electromagnetic  fields -induced  water 
structural  changes  to  cell  metabolic  cascade  is  not  clear  yet.  As  the  water  molecule  dissociation  is  the  most 
variable  water  property,  it  is  suggested  that  the  EMF-induced  vibration  of  water  dipoles  could  change  water 
dissociation  and  its  products  could  serve  as  possible  messengers  through  which  the  biological  effect  of  EMF  is 
realized  (Ayrapetyan  1994).  By  privies  our  work  the  depressing  effect  of  extremely  low  frequency  (ELF)  EMF 
on  specific  electrical  conductivity  (SEC)  of  water  and  water  solutions  (which  is  marker  for  its  dissociation)  was 
documented  (Ayrapetyan  et  al.,  1994).  It  was  also  shown  that  the  depressing  effect  of  LF  EMF  on  water  SEC  as 
well  as  its  biological  effects  on  various  cells  are  most  pronounced  at  frequency  of  4  Hz  (Stepanian  et  al.  1999; 
Ayrapetyan  2006). 

The  fact  that  the  vibration  of  water  dipoles  in  presence  of  oxygen  could  generate  the  H202,  which  could 
initiate  the  modulation  of  a  number  of  metabolic  pathways  in  the  cell,  makes  it  as  one  of  the  most  reliable 
candidates  for  the  messenger  able  to  transfer  the  ELF  EMF-induced  water  structure  changes  to  cell  metabolic 
cascades  (Klassen,  1982).  As  the  acetylcholine  (Ach)  sensitivity  of  neuronal  membrane  is  sensitive  to  the  effect 
of  magnetized  physiological  solutions  (MPS)  (Ayrapetyan  et  al.,  1994a;  Ayrapetyan  et  al.,  2004),  it  was  chosen 
as  an  experimental  model  for  testing  the  above-mentioned  hypothesis. 

The  overall  aim  of  the  present  review  is  to  present  the  results  of  the  comparative  study  of  4  Hz  EMF-treated 
and  H202  -containing  PS  on  snail  neuromembrane  chemosensitivity,  as  well  as  on  the  nerve  tissue  hydration 
which  has  a  crucial  role  in  metabolic  regulation  of  membrane  chemosensitivity  (Ayrapetyan  &  Arvanov,  1979). 

Method 

The  experiments  were  carried  out  on  non-selected  giant  neurons  of  the  right  parietal  ganglion  of  Helix 
pomatia.  The  standard  Voltage-Clamp  method  was  used  to  record  the  Ach-induced  current  through  the  neuronal 
membrane  (Ayrapetyan  and  Arvanov,  1988).  The  normal  physiological  solution  contains  (in  mM):  NaCl-80, 
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KC1-4,  CaC12-7,  MgC12-13,  Tris-HCl  (pH  7.8)-10,  glucose-10.  In  K-free  solution  4mM  KCI  was  replaced  by 
4mM  NaCI.  Different  concentrations  of  acetylcholine  (10"4-10"6M)  and  H2O2  (10"4-10"u  M)  were  prepared  from 
Ach  and  H2O2  stock  solution  (10'2M)  before  the  experiments.  The  transient  application  (less  than  30  sec)  of  Ach 
was  performed  by  thin  (diameter  ~lmm)  polyethylene  tube  placed  near  the  investigated  neuron.  The  H202  was 
added  to  the  perfusion  solution  to  a  final  concentration  from  10’4  to  10"11  M  and  applied  to  the  cells  at  a  rate  of  2- 
3  ml/min.  The  time  of  pre-incubation  of  neurons  in  tested  physiological  solution  before  the  Ach  application 
was  3  min. 

The  tested  physiological  solution  was  preliminary  exposed  to  4Hz  EMF  with  the  intensity  of  2,5  mT  for  30 
minutes.  The  experimental  setup  consisted  of  a  glass  test  tube  with  diameter  of  10  mm  and  volume  of  10  ml., 
EMF  generator  with  low-noise  amplifier  and  a  coil.  The  coil  has  the  cylindrical  form  with  diameter  of  154  mm. 
and  height  of  106  mm.  The  coil  consists  of  Helmholtz  rings  that  generate  the  homogeneous  magnetic  field. 
Rings  of  Helmholtz  are  formed  by  two  equal  ring  coils  located  coaxially  and  in  a  parallel  way.  The  distance 
between  ring  coils  is  equal  to  their  radius  of  77  mm.  The  magnetic  field  created  by  these  rings  has  high 
homogeneity.  For  example,  on  distance  of  0.25R  from  the  center  of  an  axis  strength  differs  from  computed  by 

formula  only  on  0.5  %H  =71.6  •  CO  — .  Herewith,  the  intensity  of  generated  EMF  is  equal  to  2.5  mT  and  4  Hz 

R 

frequencies.  The  instrument  used  for  measurement  of  magnetic  field  intensity  was  a  Teslometer  Wl-8  (Armenian 
Radiophysical  Institute).  This  instrument  measures  magnetic  fields  in  the  range  10"3  to  1.6  T  (+5%).  The  magnetic 
induction  converter  was  a  crystal,  type  X51 1-1,  1.5  X  0.2  mm2  and  was  fixed  on  non-magnetized  material  (PX13- 
1).  During  the  experiment  the  neurons  were  perfused  with  normal  and  4Hz  EMF  treated  solutions.  The 
physiological  solution  treated  by  4Hz  EMF  for  30min.  and  immediately  (interval  from  the  end  of  the  treatment 
and  till  the  beginning  of  perfusion  was  no  longer  than  1-2  min.)  used  for  perfusion  of  neuronal  ganglia.  The 
control  (unexposed)  PS  taken  from  the  same  reservoir  of  PS  (Vol:  1-2  1)  also  was  placed  in  the  same  test  tube  for 
30min  in  an  inactive  coil  system,  i.e.  the  background  field  was  the  same  for  the  control  (sham  exposed)  and 
tested  PS.  The  background  of  magnetic  field  in  the  area  of  experimental  setup  in  the  laboratory,  supplied  by  60 
Hz  electricity,  was  less  than  0,001  mT.  The  holder  of  the  exposure  tube  and  the  coil  holder  were  placed  in  two 
neighboring  tables  to  excluded  the  vibration  during  the  exposure. 

For  determination  of  tissue  hydration,  the  wet  samples  of  the  nerve  ganglia  were  weighted  and  dried  in 
thermostat  at  105°C,  during  24  hours.  After  determination  of  dry  weight  the  quantity  of  water  on  1  g.  of  dry 
weight  was  determined  by  the  equation:  (A  -  B)  /  B  ,  where  A-  wet  weight  of  the  tissue,  B-  weight  of  the  tissue 
after  drying. 

The  procedure  of  measuring  a  single  cell  volume  has  been  previously  described  in  Ayrapetyan  et  ah,  1994a. 
Briefly,  single  neurons  were  dissected  and  isolated  from  the  ganglion  under  a  dissecting  microscope  (Fomo,  B- 
14,  Russian  production)  on  which  was  mounted  a  digital  video  camera  (WPI,  USA)  connected  to  PC.  The  system 
had  the  sensitivity  such  that  changes  of  +0.1  |tm  could  be  detected.  These  neurons  had  diameters  of  50-100  pm. 

The  mean  value,  standard  deviations,  and  the  statistical  probability,  determined  by  Student  Test  were 
calculated  with  the  help  of  computer  program  Sigma  Plot  (Version  8.02A). 

Results 

It  is  known  that  three  types  of  neurons  can  be  distinguished  according  their  sensitivity  to  Ach:  (a) 
insensitive,  (b)  depolarizing  (D),  and  (c)  hyperpolarizing  (H)  (Shakarov  et  ah,  1969).  The  present  experiments 
were  carried  on  22  neurons  having  D-responses  and  20  neurons  having  H-responses.  The  membrane  potential 
(MP)  of  neurons  was  clamped  on  the  level  of  resting  potential  (-40  to  -60  mV).  After  recording  the  control  Ach- 
induced  currents  in  normal  physiological  solution  (control)  the  cells  were  perfused  with  magnetized  PS  (MPS)  or 
by  different  concentrations  of  hydrogen  peroxide-  containing  PS  during  7  minutes  and  the  end  of  7-th  minutes 
the  application  of  Ach  was  performed. 

By  previous  our  work  was  shown  that  the  normal  MPS  has  a  reversible  depressing  effect  on  Ach-induced 
membrane  current  and  this  effect  of  MPS  was  absent  in  cold  (12°C)  medium.  The  typical  record  of  such 
responses  presented  on  Figure  1.  (Ayrapetyan  et  ah,  2004). 
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PS 

Figure  1.  The  effect  of  magnetized  physiological  solution  (MPS)  on  Ach-induced  current  in  D  type  neuron  in 
voltage-clump  experiments,  where  the  clumping  potential  (Ec)  was  equal  to  the  resting  membrane  potential  (Er  = 
-50  mV). 

A-  at  room  temperature  (23°C),  B-  in  cold  medium  (12°C). 

The  rows  show  the  transit  (30  msec)  application  of  1  O'4  M  Ach  containing  PS.  The  time  of  pre-incubation  of 
neurons  in  tested  physiological  solution  (PS  and  MPS),  before  the  application  of  Ach  was  3  min.  The  intervals 
between  Ach  applications  was  5  min. 
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Figure  2.  The  typical  record  of  dose-dependent  effect  of  H2O2  on  Ach-induced  current  in  D-type  neuron  in 
voltage-clamp  experiments,  where  the  clamping  potential  (Ec)  was  equal  to  the  resting  membrane  potential  (E,  = 
-60mV).  Ach  concentration  was  10'4M.  The  time  of  pre-incubation  of  neurons  in  H2O2  containing  physiological 
solution  (PS)  was  7  min.  All  presented  data  were  taken  from  one  neuron.  The  intervals  between  Ach  application 
was  5  min. 

As  shown  in  Figure  2,  the  H202  at  concentrations  of  10"n-10"4  M  also  has  a  depressing  effect  on  Ach  (10'4 
M)-induced  ionic  currents  in  D-type  neurons.  After  removing  of  H202from  extracellular  medium  the  amplitudes 
of  Ach-induced  currents  were  recovered  to  their  initial  level  within  5  minutes.  The  maximum  depressing  effect 
of  H202  on  Ach-induced  current  appeared  at  concentration  of  10"4  M  (75+1.2%),  while  the  threshold  of  H202 
concentration,  unable  to  change  the  amplitude  of  Ach-responses  of  the  membrane  during  7  min.  pre-incubation, 
was  10"12M  .  The  character  of  H202-induced  inhibition  of  Ach-responses  in  both,  H-and  D-  types  neurons  was 
the  same  (Figure  3,  n=5),  which  could  serve  as  indicator  of  potential  independence  of  inhibitory  effect  of  F1202 
on  Ach  responses. 
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Figure  3.  The  dose-dependent  effect  of  H202on  Ach-induced  current  in  H-type  neurons  in  PS  (A)  and  in  K-free 
solution  (B),  where  the  clamping  potential  (Ec)  was  equal  to  the  resting  membrane  potential  (Er=  -52mV). 

1-  Ach  5  x  Iff4  M;  2-  Ach  Iff4  M;  3-  H202Ach  5  x  Iff4 M;  4-  H2OxAch  Iff4 M;  5-  Ach  Iff5 M;  6-  H202Ach  Iff5 
M;  7-  Ach  Iff6  M;  8-  H202,Ach  Iff6 M. 

The  data  are  taken  from  one  neuron.  The  presented  data  are  typical  for  all  10  studied  neurons.  The  H202 
concentration  was  Iff6  M.  The  time  of  pre-incubation  of  neurons  in  H202  containing  PS  was  7  min. 

This  suggestion  was  confirmed  by  studying  the  potential-dependency  of  inhibitory  effect  of  H202  on  Ach 
responses,  by  clamping  MP  at  different  levels  (Figure  4). 


L'i  nib'  :ni  Dofartlil  j-m'J ' 

Figure  4.  The  Ach-responses  (nA)  in  D-type  neuron  in  voltage-clamp  experiments  in  normal  (circles)  and  Iff6 M 
H202-  containing  (triangles)  PS,  when  the  membrane  potential  was  clamped  on  different  levels  (n=5). 


The  study  of  the  potential -dependence  of  Ach-induced  outward  currents  in  normal  and  H202  (106  M) 
containing  solution  showed  that  the  Ach-induced  currents  in  presence  of  H202  became  potential  independent  in 
the  range  of  MP=  -  50  —  80  mV  (Figure  4,  n=5).  These  data  could  serve  as  additional  evidence  that  H202- 
induced  depression  of  Ach-responses  could  not  be  explained  by  modulation  of  ionic  channel  activity, 
determining  the  Ach-responses.  As  shown  in  Figure  5,  the  depressing  effect  of  H202on  Ach-responses  as  in  case 
of  MPS  (Figure  IB),  disappeared  in  cold  medium  (5°C)  (Figure  5,  n=5),  which  could  be  considered  as  an 
evidence  on  the  metabolic  nature  of  H202-induced  depression  of  Ach-responses  of  the  membrane.  The  low 
temperature  (12°C)  -induced  slight  elevation  of  Ach-induced  current  (Figure  IB)  could  be  interpreted  as  the 
increase  of  the  lifetime  of  agonist-activated  ionic  channels  (Bregetovski  et  al.,  1979). 
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Figure  5.  The  absence  of  depressing  effect  ofH202on  Ach  (10'4M)-induced  ionic  currents  in  cold  medium  (5°C). 
H20 2  concentration  was  10'4  M,  (n=5). 

The  data  on  temperature  sensitivity  of  the  EMF-treated  and  H202  -containing  PS-induced  depressing  effects 
on  Ach  membrane  responses  allow  us  to  speculate  on  their  metabolic  nature.  As  shown  in  our  early  works  the 
electrogenic  Na+-K+  pump  serves  as  one  of  the  powerful  metabolic  mechanism  through  which  the  metabolic 
regulation  of  membrane  chemosensitivity  is  realized  (Ayraperyan  and  Arvanov,  1988).  As  shown  by  the 
obtained  data,  these  factors  have  opposite  effects  on  Ach-induced  membrane  currents  in  K-free  medium,  when 
Na+-K+  pump  was  in  inactive  state  (Thomas  1972):  the  K-free  -induced  pump  inactivation  reversed  the  effect  of 
EMF-treated  PS  on  Ach-induced  membrane  current  (Figure  6),  while  the  H202  had  more  pronounced  inhibitory 
effect  in  K-free  medium  than  in  normal  K-containing  PS. 


Figure  6.  The  depressing  effect  of  10'u  M  H202  in  K-free  solution  on  Ach-induced  current  in  D-type  neuron  in 
voltage-clamp  experiments.  Neuron  was  clamped  Ec  =  -55mV.  The  data  are  taken  from  one  neuron.  The 
presented  data  are  typical  for  all  5  studied  neurons. 

As  shown  in  Figure  6,  the  H202  at  10"11  M  in  K-free  solution  has  strong  (reversible)  depressing  effect  on 
Ach-induced  current  amplitude  (80+2.5%,  n=5)  in  D-type  neurons.  No  significant  differences  were  observed 
between  H202  -sensitivity  of  Ach-responses  in  D  and  H-type  neurons.  These  data  allow  as  to  conclude  that  from 
one  side,  the  both  MPS  and  H202  -induced  modulations  of  Ach-responses  could  not  be  explained  by  the 
activation  of  Na+-K+  pump,  and  from  another  side,  the  nature  of  metabolic  pathways  through  which  they 
modulate  the  membrane  chemosensitivity  in  K-free  medium  is  different.  Therefore,  the  elucidation  of  the  nature 
of  mechanism  of  H202  effect  on  membrane  chemosensitivity  would  be  the  subject  for  the  next  series  of 
experiments. 

It  is  known  that  the  agonist-induced  membrane  current  changes  could  be  the  result  of  modification  of  ionic 
channel  properties  or  the  process  of  interaction  between  receptors  and  agonists.  As  the  above-mentioned  data  on 
potential  independence  of  the  H202  effect  on  membrane  chemo-sensitivity  excluded  the  role  of  channel 
mechanism  in  this  process,  the  main  reliable  mechanism  through  which  the  H202-induced  depression  of  Ach- 
responses  is  realized  is  the  process  of  modification  of  interaction  between  Ach  and  its  receptors:  the  changes  of 
the  number  of  functionally  active  receptors  or  their  affinity  to  agonist.  Therefore,  the  effect  of  H202  on  kinetic 
curve  of  doze -dependent  Ach-induced  membrane  response  was  studied. 
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Figure  7.  The  effect  of  10'6 M H202on  dose-dependent  curve  of  Ach-response  in  K-containing  (A)  and  K-free  (B) 
mediums  in  H-type  neuron.  Circles  show  the  control,  the  triangles  -  in  the  presence  ofH202,  (n=10). 

As  shown  in  Figure  7A,  in  H202-containing  solutions  the  Ach-induced  responses  reached  of  their  maximum 
values  at  10’4M  concentration,  while  in  normal  physiological  solution  the  curve  wasn’t  saturated  even  at  10’3M 
Ach  concentration.  Such  pronounced  depressing  effect  of  H202  on  “maximums”  of  the  doze -dependent  curves  of 
Ach  could  serve  as  evidence  on  the  decreasing  effect  of  H202  on  the  number  of  functionally  active  Ach-receptors 
in  the  membrane.  It  is  worth  to  note  that,  although,  in  K-free  solution  the  H202  also  has  depressing  effect  on 
number  of  receptors  involving  in  generation  of  Ach-responses,  there  are  significant  differences  between  the 
kinetics  of  dose-dependent  curves  of  Ach-responses  in  K-free  and  K-containing  solutions  (Figure  7B),  which 
could  be  the  subject  for  more  detailed  investigation. 

Thus,  it  is  important  to  clarify,  which  metabolic  pathways  could  be  responsible  for  H202 -induced  decrease 
of  number  of  functionally  active  receptors  interacting  with  the  agonists.  It  is  suggested  that  the  actinolike  protein 
phosphorilation-induced  contraction  of  cytoskeleton  could  serve  as  one  of  such  mechanism  through  which  the 
H202  could  decrease  the  number  of  membrane  receptors.  As  the  citosceleton  (cell)  shrinkage  is  accompanied  by 
the  increase  of  membrane  electrical  resistance  (Carpenter  et  al.,  1992),  for  testing  the  above-mentioned 
suggestion  the  effect  of  H202  on  I-V  characteristics  of  membrane  was  studied  (Figure  8). 


Membrane  potential  (mV) 


Figure  8.  The  effect  ofH202  on  current-voltage  (I-V)  characteristic  ofD-type  neurons.  The  I-V  curves  in  normal 
and  10'4  M  H202-containing  solutions  were  obtained  by  changing  the  holding  potential  from  -20  to  -80mV.  Pre¬ 
incubation  time  in  H202-containing  solution  was  7min.  (n=5). 


As  shown  in  Figure  8  there  are  significant  increase  of  membrane  resistance  upon  the  effect  of  H202  and  this 
effect  has  pronounced  elevation  tendency  by  increasing  the  cell  membrane  polarization.  If  the  H202-induced 
increase  of  membrane  resistance  could  be  explained  by  the  possible  decrease  of  cell  volume,  the  mechanism 
responsible  for  potential-dependence  of  such  effect  of  H202  is  not  clear  and  needs  more  detailed  investigation. 


Figure  9.  The  effect  of  10'9  MH202  on  neuronal  volume.  Scale  bar  10pm.  (n=5) 

For  testing  the  above  mentioned  conclusion  on  H202  -induced  cell  volume  (shrinkage),  which  leads  to  the 
decrease  of  membrane  active  surface  (number  of  receptors  in  the  membrane),  in  the  next  series  of  experiments 
the  effect  of  H202  on  cell  volume  was  studied  by  means  of  light  microscopy.  Figure  9  shows  that  H202  in  nM 
concentrations  has  shrinking  effect  on  the  cell. 
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Discussion 

Although  the  hypothesis  on  the  role  of  H202  as  a  possible  messenger  through  which  the  biological  effect  of 
magnetized  aqueous  solutions  is  realized  has  long  history  (Klassen,  1982),  its  role  in  biological  effect  of  SMF 
and  ELF  EMF  is  not  elaborated  yet.  This  difficulty  is  due  to  the  absence  of  reliable  theory  explaining  the  cellular 
and  molecular  mechanisms  of  biological  effects  of  ELF  EMF  from  one  side,  and  multisided  metabolic  effect  of 
the  H202  from  the  other  side.  Previous  works  of  our  laboratory  have  shown  a  crucial  role  of  intracellular 
messenger-dependent  Na+/Ca2+  exchanger  in  realization  of  biological  effect  of  magnetized  solution  (Ayrapetyan 
et  al.,  1994b,  2005).  As  the  Na+/Ca2+  exchanger  serves  as  one  of  powerful  mechanisms  regulating  the 
intracellular  Ca2+  homeostasis  (Dipolo  and  Beauge,  2006),  which  determines  the  membrane  chemo-sensitivity 
(Bregestovski  et  al.,  1979],  the  latter  could  serve  as  a  convenient  experimental  model  for  studying  the  role  of 
H202as  a  potential  messenger  in  realization  of  biological  effect  of  magnetized  solution  on  cell  membrane. 

The  presented  data  on  similar  inhibitory  effect  of  MPS  (Figure  1)  and  H202  (Figure  2)  on  Ach-induced 
current  and  their  temperature  dependence,  from  the  first  face  could  be  considered  as  an  evidence  of  their 
synergic  influences  on  membrane  chemosensitivity.  In  previous  our  works  the  following  metabolic  cascade 
through  which  ELF  EMF-treated  PS  can  modulate  the  membrane  chemosensitivity  was  suggested:  the  MPS- 
induced  activation  of  cGMP -dependant  Na+/Ca2+  exchanger  leads  to  the  removal  of  the  intracellular  Ca-induced 
inhibition  of  Na+-K+-  ATPase  as  a  result  of  reactivation  of  Na+-K+pump,  which  causes  the  decrease  of  a  number 
of  receptors  in  the  membrane  due  to  the  pump-induced  cell  shrinkage.  While  the  pump  is  in  inactive  state  (when 
the  pump-induced  cell  volume  changes  are  excluded),  the  ELF  EMF-induced  elevating  effect  can  be  explained 
by  the  decrease  of  intracellular  Ca  concentration  (Ayrapetyan  et  al.,  2004).  The  fact  that  in  K-free  solution  the 
H202  has  more  pronounced  inhibitory  effect  on  Ach-induced  current  compared  to  its  effect  in  normal  PS  could 
not  be  explained  from  the  point  of  the  mentioned  metabolic  cascades  and  serves  as  evidence  on  different  nature 
of  metabolic  pathways  through  which  the  inhibitory  effects  of  MPS  and  H202  are  realized. 

It  is  known  that  the  agonist-induced  membrane  responses  could  be  changed  as  a  result  of  modification  of 
ionic  channel  properties  and  (or)  interaction  processes  between  membrane  receptors  and  agonists.  The  obtained 
data  on  potential  independence  of  H202-induced  inhibition  of  Ach-responses  (Figure  4)  allow  us  to  exclude  the 
role  of  ionic  channels  in  this  inhibition  and  it  could  be  explained  by  the  depression  of  the  process  of  interaction 
between  receptors  and  agonists.  The  H202 -induced  depression  of  the  “maximum”  in  Ach  doze -dependent  curve 
serves  as  evidence  on  the  changes  of  number  of  functionally  active  receptors  in  the  membrane  interacting  with 
the  agonist  molecules  (Figure  7).  Early  our  works  showed  that  the  Na+-K+  pump-induced  activation  caused  the 
similar  inhibition  of  membrane  Ach-sensitivity  in  result  of  cell  shrinkage  (Ayrapetyan  and  Arvanov,  1979), 
however  the  data  obtained  in  present  experiments  on  elevation  of  H202-induced  depression  on  Ach-  responses  in 
K-free  solution  (when  Na+-K+  pump  is  inactive)  (Figures  3B,  7B),  excludes  the  role  of  Na+-K+  pump  in  this 
process.  The  disappearance  of  such  inhibitory  effect  of  H202  on  membrane  chemo-sensitivity  in  cold  (5°C) 
medium  (Figure  5)  indicates  its  metabolic  nature.  Therefore,  it  is  suggested  that  the  H202  leads  to  the  decrease  of 
the  number  of  functionally  active  receptors  in  the  membrane  by  unknown  metabolic  mechanisms  (not  by  Na+-K+ 
pump).  Previous  our  works  showed  the  close  correlation  between  membrane  active  surface  (cell  volume)  and 
number  of  functioning  chemo-receptors  in  the  membrane  (Ayrapetyan  and  Arvanov,  1979).  It  is  predicted  that 
the  H202-induced  depression  of  membrane  Ach-sensitivity  could  be  the  result  of  cell  shrinkage.  The 
microscopic  study  of  the  H202  effect  on  cell  volume  (Figure  9)  proved  this  suggestion. 

Summary 

The  data  obtained  in  the  present  work  clearly  showed  that  the  H202  in  nM  concentrations  depressed  the 
membrane  chemosensitivity  by  decreasing  the  number  of  functioning  receptors  in  the  membrane  as  a  result  of 
cell  shrinkage  (probably  by  cytoskeleton  phosphorylation).  We  came  to  the  same  conclusions  in  previous  our 
work  on  studying  the  effect  of  magnetized  solutions  on  Ach-induced  responses  of  the  membrane  (Ayrapetyan  et 
al.,  2004).  It  was  shown  that  the  MPS  caused  the  depression  of  membrane  Ach-responses  at  room  temperature 
(23  °C),  while  in  cold  medium  (5  °C)  it  had  no  effect  (Ayrapetyan  et  al.,  2004,  Figure  1).  These  effects  were 
explained  by  MPS-induced  cell  dehydration  which  led  to  the  decrease  the  number  of  chemo-receptors  in  the 
membrane  (Danielyan  et  al.,  1999). 

Thus,  the  comparison  of  the  physiological  data  obtained  in  the  present  work  on  the  influences  of  H202  with 
the  previous  results  on  the  effects  of  magnetized  solution  on  membrane  sensitivity  to  Ach  demonstrates  the  close 
synergism  between  the  effects  of  these  two  factors  on  Ach  responses  in  normal  PS  which  are  the  result  of  cell 
dehydration.  However,  opposite  dependence  of  their  effects  on  Na+-K+  pump  activity  allow  us  to  suggest  that 
H202_  -dependent  metabolic  pathway  could  serve  as  one  of  the  metabolic  pathways  through  which  the  biological 
effect  of  ELF  EMF  is  realized. 
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Abstract 

This  paper  describes  a  multi-stage  algorithm  for  efficient  calculation  of  magnetic  flux  contours,  for  optimizing  the  design  of  structural 
magnetic  shielding.  The  multi-stage  algorithm  enables  albeit  medium-power  computer  system  to  calculate  the  effect  of  shielding  materials 
with  a  given  geometry,  in  a  reasonable  timeframe  without  compromising  precision.  The  outcome  results  are  a  large  number  of  electrical  utility 
models  and  the  best  cost-effective  shielding  materials  and  geometries  for  ELF  magnetic  flux  reduction  per  Authority  regulations  and 
requirements. 

This  paper  attempts  to  review  methods  and  principles  for  calculation  of  an  extremely  low  frequency  (50/60  Hz)  electromagnetic  field 
originating  from  power  utilities  and  power  lines,  for  the  purpose  of  constructing  efficient  magnetic  shielding.  The  paper  points  out  difficulties 
in  existing  methods  and  proposes  a  new  algorithm  for  analysis  and  construction  of  magnetic  shielding. 

Introduction 

Magnetic  field  of  extremely  low  frequency  (ELF)  is  produced  by  utility  and  industrial  electric  lines,  machines  and  cables,  and  various 
electrical  fixtures,  devices,  and  apparatuses  all  of  which  are  surrounding  us  and  deployed  everywhere.  Often,  the  level  of  the  magnetic  fields 
exceed  the  permissible  exposure  limits  setup  by  international1  and  national  agencies  for  non-ionizing  radiation  protection,  thus  need  to  be 
reduce  at  locations  where  people  dwell.  It  can  be  achieved  by  several  cost  effective  methods,  such  as:  relocation  of  strong  magnetic  field 
emitters;  reduction  of  electrical  current;  reconstruction  of  the  electrical  circuits  to  reduce  the  loop  areas  generating  magnetic  fields.  If  any  of 
the  above  outlined  relative  simple  solutions  do  not  provide  the  desired  results,  it  might  be  necessary  to  install  structural  magnetic  shielding 
made  of  various  metal  types  some  of  which  might  be  very  expensive  such  as  p-metal,  co-netic  and  other  metals  with  great  permeability. 

Before  the  actual  building  of  structural  magnetic  shielding  starts,  one  needs  to  determinate  the  magnitude  of  the  magnetic  field  exposure 
problem.  It  can  be  performed  by  actual  field  measurements,  or  if  the  electrical  utilities  are  still  unavailable  or  none  operational  it  entails 
modeling  the  utilities  and  solving  electro-magnetic  equations3,  all  of  which  enables  the  prediction  of  magnetic  flux  contours  with  and  without 
magnetic  shielding  buriers. 

To  determine  the  best  engineering  solutions  for  structural  shielding,  one  needs  to  employ  very  complex  analysis.  The  analog  approach  is 
impractical  because  of  the  uniqueness  of  each  problem  and  the  associated  difficult  level.  Also,  the  digital  approach  is  still  too  difficult  for  the 
most  of  today’s  personal  computer  systems.  Subsequently,  the  calculation  is  less  accurate  and  time-consuming.  It  can  take  from  tens  to 
hundreds  of  man-hours  to  prepare  models  and  to  solve  a  single  problem. 


Strategies  and  Stages  in  Planning  Magnetic  Field  Reduction 

To  first  stage  in  planning  the  shielding  effectiveness  required  for  magnetic  field  reduction  is  to  obtain  the  overall  worst-case  intensity  of  the 
ELF  magnetic  flux  in  locations  where  people  may  reside.  This  can  be  doe  using  two  methods  -  the  analytical  method  (also  good  for  the  design 
stage),  and/or  field  measurements  when  construction  is  completed  and  populated).  These  two  strategies  to  determine  the  magnetic  field  is 
summarized  as  follows: 

1.  Analytical  Prediction:  given  the  geometry  of  the  structure  and  the  current  sources  producing  the  ELF  magnetic  fields,  including  the 
geometry  of  these  magnetic  sources,  the  integrated  cumulated  field  levels  in  every  relevant  place  (places  where  there  may  be  people 
residing)  can  be  predicted. 

2.  Measurements:  conducting  field  level  measurements  where  people  work  and  reside  could  provide  a  general  picture  of  the  magnetic 
field  including  evaluation  of  maximal  loads  in  maximal  power  consumption,  hence,  worst-case  magnetic  flux  contours. 

The  decision  for  the  need  for  magnetic  shielding  is  best  taken  based  on  results  obtained  by  strategy  2  -  measurements.  However,  the 
structural  shielding  design  must  use  strategy  1  -  analytical  prediction.  It  facilitates  cost-effective  shielding  design,  placement,  barrier 
dimensions,  shielding  materials,  and  installation  methods.  It  enables  theoretical  examination  of  the  shielding  effectiveness  elsewhere  in 
the  facility.  If  shielding  is  insufficient  based  on  phase  I  of  the  analytical  design  effort,  it  is  modified  by  reselecting  of: 

□  shielding  materials; 

□  barrier  dimensions; 

□  placement 

Phase  II  of  the  shielding  design  commences  to  obtain  the  shielding  effectiveness  of  the  modified  design.  Phase  II  might  yield  an 
insufficient  engineering  solution  and  go  into  Phase  III,  etc.,  until  a  best  engineering  solution  is  obtained. 
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Availability  of  Analytical  Methods 

The  analysis  methods  available  for  determining  the  electromagnetic  field  levels  are  many  and  vary  in  complexity,  accuracy  and  easiness  of  pre 
and  post  processing.  Some  of  the  most  known  numerical  methods  are: 

•  Finite  Difference  Methods 

•  Variation  Methods 

•  The  Methods  of  Moments  (MoM) 

•  Finite  Element  Method4,5 

•  Transmission-line-matrix  Method 

•  Monte  Carlo  Methods 

•  Method  of  Lines 

The  Finite  Difference  Method  requires  the  performance  of  the  following  steps: 

1 .  Divide  the  region  of  interest  into  a  grid  of  nodes  (common  rectangular,  skew,  triangular  or  circular  type  of  grids) 

2.  Approximate  the  given  differential  equation  by  finite  difference.  (To  relate  the  dependent  variable  at  a  point  in  the  region  of  interest  to 
its  values  at  the  neighboring  points) 

3.  Solve  the  difference  equations  subject  to  the  boundary  and  initial  condition. 

This  method  is  very  intuitive  and  fairly  easy  for  numeric  realization.  It  is  not  clear  which  grid  is  preferable  in  every  case.  A  problem  arises  in 
cases  where  the  point  for  which  the  value  is  calculated  is  not  exactly  on  the  grid.  The  ease  or  programming  “balances”  in  extensive  calculation 
time. 

For  simple  enough  problems,  when  one  arrives  at  a  collection  of  equations  (both  integral  and  differential),  the  problem  can  be  solved  by 
finding  functions  that  give  the  integrals  a  minimum  value6.  Problems  of  this  type  are  called  variational  problems. 

This  method  is  limited  to  theoretical  problems,  requires  a  high  level  of  mathematics  and  seldom  used  to  solve  practical  problems. 

The  MoM  requires  the  performance  of  the  following  steps: 

1 .  Derivation  of  the  appropriate  integral  equation. 

2.  Conversion  this  set  of  equation  into  a  matrix  equation  (the  process  called  discretization  that  is  based  on  using  basic  functions  (kernels) 
and  weighting  (or  testing)  functions. 

3.  Evaluation  of  the  matrix  elements. 

4.  Solving  the  matrix  equation  and  obtaining  the  parameters  of  interest. 

This  is  a  sturdy  method  that  turns  problems  containing  integral  equations  into  matrix  equations  (of  course,  accurate  calculation  requires  an 
extensive  calculation  power  and  a  large  amount  of  memory).  Many  of  today’s  solutions  are  based  on  this  method. 

The  Finite  Element  Method  comes  from  the  area  of  materials  strengthening  and  has  been  used  for  calculating  electromagnetic  fields  since  the 
1970s. 

The  Finite  Element  Method  requires  the  performance  of  the  following  steps: 

1.  Discretizing  the  solution  region  into  a  finite  number  of  subregions  (called  elements).  These  elements  may  be  one,  two  or  three- 
dimensional. 

2.  Deriving  governing  equations  for  a  typical  element. 

3.  Assembling  all  elements  in  the  solution  region. 

4.  Solving  the  system  of  equations  obtained. 

Among  the  method’s  advantages,  it  can  be  used  with  almost  no  changes  for  different  areas  of  problems.  The  most  accepted  areas  are 
mechanics  and  electricity,  but  lately  it  has  also  been  used  for  image  processing.  It  is  difficult  to  match  an  appropriate  element  for  every 
problem,  and  the  method  required  extensive  calculation  time. 

Other  methods  are  more  theoretical  or  methods  suitable  for  solving  specific  problem  types  not  related  to  our  goals. 

It  is  customary  to  imagine  shielding  as  an  infinite  surface  or  a  closed  sphere.  Only  in  these  cases  may  accurate  analytic  methods  be  obtained. 
All  analysis  of  other  models  is  semi-  empirical.  The  accuracy  of  the  results  decreases  as  we  increase  the  practical  details  of  the  shielding. 

The  analytical  solution  for  calculating  shielding  cannot  take  the  form  of  a  method  as  we  must  solve  a  different  problem  each  time  (this 
includes  building  a  new  model  with  range,  limit  conditions,  sources,  new  geometry  etc.). 

Solving  the  problem  using  a  computer  somewhat  reduces  the  complexity  of  the  mathematical  solution,  but  adds  the  problem  of  a  model  that  is 
very  resource  consuming  for  most  existing  computers.  The  problem  lies  in  both  memory  size  and  calculation  power. 
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As  a  result,  any  calculation  (construction  of  a  mathematical  or  digital  model,  inputting  the  problem’s  data,  calculation  and  examination  of 
probability  of  the  received  results)  requires  hundreds  of  man  hours  and  dozens  of  computer  hours.  It  is  clear  that  under  these  limitations  it  is 
impossible  to  perform  a  large  number  of  attempts  (analysis  phases  as  described  above)  in  order  to  reach  an  appropriate  solution.  The  desire  to 
examine  a  single  problem  for  several  shielding  solutions,  in  order  to  select  the  best  one,  often  seems  as  “mission  impossible”. 

Practical  Methods  Combined  with  Analysis 

The  problem  we  face  is:  to  calculate  the  electromagnetic  field  in  defined  areas  generated  by  known  sources  with  the  presence  of  a  given 
specific  shielding  burner  design  to  reduce  the  EM  fields. 

There  are  no  analytical  systems  and  algorithms  that  we  know  for  writing  a  program  that  enables  inputting  of  entry  data  (such  as  range,  sources, 
shielding  location,  shielding  materials  etc.),  followed  by  the  required  targeted  field  level  in  a  certain  area,  let  one  or  more  parameters  acting  as 
the  unknown  ones  and  perform  calculations  (assuming  convergence)  that  solve  the  unknown  parameters. 

Presently,  all  we  can  do  is  as  follows:  place  shielding  (using  previous  practical  experience)  in  places  that  seems  most  logical  using  materials 
that  were  suitable  in  similar  cases,  calculating  the  field  levels  in  questioned  areas,  comparing  the  results  to  the  values  we  aim  for,  and  if  the 
results  are  unsatisfactory,  slightly  change  the  shielding  size,  geometry,  location  and/or  materials. 

The  form  of  shielding  accepted  today  is  a  rectangular  plate,  inserted  between  the  source  and  the  area  in  which  field  level  should  be  reduced. 
Magnetic  shielding  includes  3  different  effects:  reflection,  absorption,  and  fringe  radiation  (that  usually  reduces  the  shielding  effectiveness). 
The  theoretical  basis  for  high  frequency  (radiofrequency)  shielding  for  distant  EM  field  is  relatively  well  developed  and  has  accelerated  in 
recent  years.  In  the  case  of  ELF  fields  and  for  an  adjacent  source  -  these  theories  cannot  be  straightforward  adopted.  In  the  case  of  high 
impedance,  the  source  if  electric  field  is  dominant;  in  the  case  of  low  impedance  -  the  source  is  a  magnetic  field  is  dominant.  In  this  case  a 
separate  approach  for  shielding  against  the  magnetic  part  and  from  the  electric  part  of  the  EM  field  is  the  correct  approach. 

An  alternating  electromagnetic  field,  originating  from  50  Hz  electrical  facilities  is  an  “adjacent  source”  field.  The  characteristic  impedance  of 
the  magnetic  component  is  very  low  while  the  characteristic  impedance  of  the  electric  component  is  high.  Therefore,  currents  in  low  voltage 
electric  facilities  generate  dominant  magnetic  field  components;  the  associated  electric  field  component  is  negligible.  A  source  of  a  solely 
magnetic  field  does  not  cause  electromagnetic  waves.  Therefore  a  50Hz  magnetic  field  is  quasi-  static  in  nature.  This  field  is  “static”  because  it 
acts  as  a  static  field,  but  is  called  “quasi”  as  it  is  not  completely  static  due  its  source  (alternating  field). 

Two  phenomena  exist  in  magnetic  shielding  for  a  quasi-  static  field  -  static  shielding  and  dynamic  shielding. 

Static  shielding  is  independent  of  the  field  frequency  and  works  in  the  same  way  for  both  the  earth’s  static  magnetic  field  and  for  sources  of  50 
Hz  or  more.  The  shielding  quality  depends  on  the  material’s  relative  permeability  (p)  and  its  geometrical  dimensions.  The  higher  the 
permeability  ( pi)  and  the  thicker  the  plate,  the  more  effective  is  the  shielding. 

Dynamic  shielding  depends  on  the  frequency  of  the  primary  field  and  the  shielding  material’s  electric  conductivity.  At  50  Hz  the  effect  is  well 
pronounced.  The  phenomenon  is  based  on  Foucault  currents  (eddy  currents)  and  Lentz  laws.  The  higher  the  conductivity  and  the  higher  the 
frequency  -  the  more  effective  is  the  shielding. 

There  are  no  materials  that  combine  both  phenomena  well,  and  so  it  is  customary  to  use  two  plates  or  more  for  constructing  shielding  to 
reduce  quasi-  static  magnetic  field.  In  many  cases  shielding  construction  is  attempted  using  no  analysis,  based  only  on  instinct,  experience  or 
luck.  In  many  cases  this  might  not  only  not  decrease  field  levels,  but  even  raise  its  intensity  in  undesirable  locations. 

The  principle  of  magnetic  shielding  is  based  on  two  phenomena  of  decrease  of  the  electromagnetic  field  intensity  in  different  materials: 
absorption  of  a  magnetic  field  (absorption  loss)  and  reflection  of  the  field  back  to  the  source  (reflection  loss). 

The  above  discussion  is  highlighted  with  a  real  problem  description  and  shielding  planning  demonstration. 

The  field  level  in  an  area  adjacent  to  a  transformation  substation  inside  a  residential  building  is  analyzed. 

The  area  of  interest  is  only  the  residential  area  as  shown  in  Figure  1 .  Analysis  show  that  the  level  is  higher  than  desirable  and  shielding  must 
be  constructed. 

A  simplistic  calculation  with  substitution  of  a  plate  of  finite  dimensions  with  an  infinite  surface  does  not  give  correct  results.  In  this  case 
substitution  of  the  plate  creates  distortions  in  the  plate  ends,  and  as  a  result  the  field  level  would  not  only  decrease,  but  may  increase.  It  is  clear 
that  in  this  case  the  attempt  to  build  magnetic  shielding  without  proper  planning  might  causes  more  damage  than  benefit. 

Three  dimensional  shielding  against  the  magnetic  field  from  the  transformation  substation  could  be  done  by  covering  parts  of  the  walls,  ceiling 
and  floor  adjacent  to  the  location  of  the  transformers.  Walls,  ceiling  and  floor  covering  is  obtained  by  using  special  materials  that  decrease  the 
magnetic  flux  density  caused  by  the  transformer’s  secondary  terminal  (low  voltage)  phase  lines  and  neutral  line  loops. 

Field  sources  are  often  having  a  complex  geometry  which  makes  it  analysis  difficult  to  solve.  It  is  much  more  difficult  to  solve  the  problem  of 
the  shielding  effect  on  the  magnetic  source  flux  lines  as  it  is  in  our  example.  It  is  important  to  note  that  for  our  specific  problem,  the  source  is 
3  currents  in  the  same  frequency  and  different  phases,  and  at  every  point  the  field  vector  is  a  complex  vector  value  (as  are  all  the  matrix 
analysis). 

“Absorption”  of  a  static  magnetic  field  can  be  done  using  magnetic  materials  with  a  high  magnetic  permeability.  Plates  of  this  material  are 
used  for  construction  of  static  shielding.  The  efficiency  of  the  static  shielding  depends  on  several  factors,  as  follows: 

•  Relative  magnetic  permeability  (pr)  of  the  plate  material. 

•  Plate  width. 

•  Angle  between  the  direction  of  the  magnetic  flux  vector  and  the  plane  of  the  plate. 


1269 


Simulations  of  ELF  Magnetic  Shields 


Figure  1:  Primary  Magnetic  Flux  Analysis  near  an  Internal  Transformation  Station 


There  is  no  “reflection”  phenomenon  of  a  static  magnetic  field.  The  reflection  phenomenon  exists  only  in  an  alternating  electromagnetic  field. 
The  flux  of  an  alternating  magnetic  field  that  permeates  plates  made  of  a  material  with  electric  conductivity  creates  induced  currents  known  as 
eddy  currents.  These  currents  create  a  secondary  magnetic  flux  at  a  direction  opposed  to  the  direction  of  the  original  magnetic  field  flux  and 
thus  reduce  the  magnetic  field  flux.  This  is  known  as  Lenz’s  law. 

Plates  made  of  metals  with  high  electric  conductivity  are  used  for  building  dynamic  shielding.  The  efficiency  of  the  dynamic  shielding 
depends  on  several  factors,  as  follows: 

•  The  plate  material’s  electric  conductivity  a. 

•  Frequency  of  the  alternating  magnetic  field. 

•  Plate  width  (up  to  a  certain  width). 

•  Angle  between  the  direction  of  the  magnetic  flux  vector  and  the  plate’s  perpendicular. 

The  efficiency  of  static  and  dynamic  shielding,  as  a  rule,  is  a  different  and  non  linear  dependence  on  the  parameters  outlined  above.  The  main 
difference,  in  terms  of  shielding  efficiency,  is  in  the  inverse  effect  on  efficiency  of  the  incident  angle  of  the  magnetic  flux  lines  on  the 
shielding  plate: 

•  When  the  direction  of  the  magnetic  flux  vector  is  closer  to  that  of  the  shielding  plate’s  normal  direction,  the  efficiency  of  dynamic 
shielding  increases  while  that  of  static  shielding  decreases. 

•  When  the  direction  of  the  magnetic  flux  vector  is  closer  to  that  of  the  tangent  to  the  shielding  plate,  the  efficiency  of  dynamic  shielding 
decreases  while  that  of  static  shielding  increases. 

As  the  magnetic  flux  adjacent  to  electric  facilities  is  not  uniform  in  size  and  direction,  the  highest  efficiency  in  reducing  the  magnetic  flux 
density  in  the  entire  shielded  space  is  accomplished  by  a  combination  of  static  and  dynamic  shielding. 
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The  first  step  is  the  calculation  of  the  magnetic  flux  density  in  the  entire  space,  especially  the  area  we  wish  to  protect  and  the  apace  in  which 
we  wish  to  introduce  the  shielding  barrier.  Analysis  of  the  primary  field  is  done  using  the  laws  of  Faraday  and  Ampere.  This  analysis  affords 
a  comprehensive  picture  of  the  entire  area,  and  a  decision  on  whether  shielding  is  in  fact  necessary  or  can  be  substituted  by  simpler  less-costly 
measures,  such  as  relocation  of  power  utilities  or  personnel. 

There  are  many  analysis  methods,  most  popular  of  which  is  the  finite  elements  method  discussed  above.  Using  this  method,  the  shielding 
burrier  is  divided  into  subcomponents  so  that  lack  of  uniformity  can  be  neglected  and  the  field  is  perceived  as  uniform.  This  is  the  second  step 
of  the  analysis. 

In  the  third  step,  each  point  in  the  shielded  area  is  analyzed  as  a  sum  of  the  effects  of  each  shielding  element.  This  is  the  secondary  field 
reduced  from  the  primary  field  by  the  shielding. 

Now,  as  a  picture  of  the  effect  of  the  shielding  is  formed,  one  can  decided  on  the  continuation  (or  termination)  of  the  process. 

Using  this  method  there  is  no  need  for  difficult  neither  complex  analysis  for  the  entire  problem,  only  for  the  shielding  effect  on  the  secondary 
field  intensity  in  the  examined  area.  This  analysis  method  greatly  reduces  analysis  complexity,  gives  accurate  results  and  reduces  calculation 
time  by  an  order  of  magnitude.  The  finite  elements  method  enables  to  perform  sufficient  iterations  in  order  to  obtain  the  best  results  among 
several  different  shielding  barriers  front  different  materials  and  dimensions  and  compare  the  outcome  results  to  select  the  best  solution.  The 
time  required  for  the  entire  process  is  equal  to  the  time  it  would  have  taken  to  calculate  a  single  iteration  using  one  of  the  old  methods. 

The  course  of  the  analysis  is  presented  in  the  algorithm  flow  chart. 

1.  Analysis  of  50  Hz  magnetic  field  contours  caused  by  the  transformation  substation  -  step  1  of  this  project  is  defining  the  problem  and 
possible  solution  subset. 

2.  Construction,  verification  and  determination  of  models  for  simulating  the  magnetic  field  source.  These  models  can  be  used  to  calculate 
magnetic  flux  densities  in  all  areas  adjacent  to  the  field  source. 

3.  Analysis  of  the  magnetic  field  in  the  areas  that  are  examined  without  any  shielding.  Analysis  is  carried  out  using  a  computer  program 
based  on  integrals  of  complex  magnetic  moment  methods. 

4.  Determination  of  the  required  magnetic  shielding  effectiveness  value  SErqr.  This  action  is  taken  and  is  presented  in  table  3  of  step  1  of 
the  project  (reference  2).  The  SErqr  value  is  determined  by  comparing  the  results  of  the  analysis  to  the  exposure  threshold 
recommended  by  the  Ministry  of  the  Environment  or  other  requirements  of  the  client,  using  the  following  formula: 

SErqr  =  Bmax  /  Brcm 

Where: 

•  Bmax  -  the  maximal  value  of  the  magnetic  flux  density  analyzed  in  the  examined  area  based  on  a  model  of  magnetic  field 
source  simulation  at  its  typical  current,  as  coordinated  with  the  client. 

•  Brcni  -  the  value  of  magnetic  flux  density  coordinated  with  and  determined  by  the  client  based  on  recommendations  set  by  the 
Ministry  of  the  Environment  for  general  public  magnetic  field  exposure  at  50/60  Hz. 

5.  Existence  of  a  condition  SErqr  >  1  (YES)  causes  the  continuation  of  the  project  for  design  and  magnetic  shielding  burrier  required, 
while  the  (NO)  response  ends  the  analysis  and  the  project. 

6.  Selection  of  potential  locations  for  installation  of  magnetic  shielding  plates.  As  a  rule,  it  is  accepted  to  cover  walls  and/or  ceilings 
and/or  floors  within  the  area  in  which  the  magnetic  field  source  is  located.  In  transformation  substation  with  two  transformers,  these 
areas  are:  the  TR01  and  TR02  transformer  cells  and/or  the  entire  transformer  room. 

The  possibility  to  install  shielding  around  a  whole  transformer  cell  is  not  feasible,  as  complete  and  continuous  shielding  in  the  cell  might 
hinder  the  maintenance  and  natural  ventilation  of  the  transformers.  Opening  ventilation  hatches  and/or  installation  of  forced  ventilation  might 
reduce  shielding  effectiveness  to  below  requirements. 

The  feasible  shielding  practice  is  to  cover  all  or  part  of  the  walls,  ceiling  and  floor  of  the  transformer  room. 

7.  Analysis  of  the  magnetic  field  in  some  locations  of  the  shielding  plates.  As  an  auxiliary  action  for  calculating  shielding  effectiveness, 
the  complex  vector  of  the  magnetic  flux  density  in  the  walls,  ceiling  and  floor  of  the  transformer  room  is  analyzed,  meaning  -  primary 
magnetic  field  with  no  shielding,  similar  to  the  primary  magnetic  field  in  the  examined  areas  (step  3  above). 

8.  Setting  up  variety  of  magnetic  shielding  plates.  This  step  determines  shielding  parameters  as  follows: 

A.  Amount  and  location  of  shielding  plate  installation,  static  and  dynamic  separately. 

B.  Plate  size  (surface  area)  for  static  and  dynamic  shielding  separately. 

C.  Static  shielding  plate’s  material  -  magnetic  permeability  value;  dynamic  shielding  plate’s  material  -  electric  conductivity  value. 

D.  Plate  width  for  static  and  dynamic  shielding  separately. 

9.  Determination  of  weighted  value.  In  this  step  we  prepare  the  parameter  matrix  for  static  and  dynamic  shielding  for  the  analysis 
following  in  step  10. 

10.  Analysis  of  the  secondary  magnetic  field  created  by  the  shielding  plates  in  the  examined  area.  The  analysis  is  carried  out  by  a  computer 
program  based  on  a  Numerical  finite  element  method. 

The  starting  data  for  analysis  are  the  results  of  the  primary  magnetic  field  analysis  described  in  step  7  above  and  the  data  of  the  shielding 
plates  described  in  step  8. 

At  the  beginning  of  the  analysis  the  shielding  plate  areas  are  divided  into  elements  in  order  to  reach  a  state  wherein  in  most  separate  elements 

there  is  a  uniform  magnetic  field  incident  the  single  element.  The  data  of  the  complex  vector  of  the  magnetic  flux  density,  B  that  permeates 
through  the  shielding  area  element,  we  receive  from  the  primary  magnetic  field  analysis  (7). 

The  elements  of  the  high  magnetic  permeability  shielding  material  are  forced  to  become  magnetic  moments  under  the  effect  of  the  primary 
magnetic  field.  The  magnetic  flux  density  Bmag  in  the  area  of  these  elements  increases  according  to  the  formula: 

Bmag  =  |j,r  x  B0 
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Where: 

B0  -  primary  magnetic  flux  density 

pr  -  relative  magnetic  permeability  through  the  static  shielding  material. 

The  main  direction  of  the  moment  vectors  from  the  static  shielding  plates  is  tangential  to  the  plane  of  the  plates.  Magnetic  moments  of  the 
static  shielding  material  elements  emanate  a  secondary  magnetic  field,  and  thus  affect  the  overall  magnetic  flux  density  in  the  examined  areas. 
Alternating  magnetic  flux  creates  eddy  currents  of  elements  in  the  dynamic  shielding  material  with  the  high  electric  conductivity.  These 
currents  create  a  secondary  magnetic  field.  The  direction  of  the  secondary  magnetic  field  flux  is  opposed  to  the  direction  of  the  primary 
magnetic  flux,  known  in  physics  as  Lenz’s  law.  Eddy  currents  in  the  dynamic  shielding  elements  are  considered  to  be  magnetic  moments.  The 
main  direction  of  the  moment  vectors  from  the  dynamic  shielding  plates  are  normal  to  the  plane  of  the  plates.  These  moments  emanate  a 
secondary  magnetic  field.  And  thus  affect  overall  magnetic  flux  density  in  the  examined  areas. 

11.  Analysis  of  overall  magnetic  field  in  the  examined  areas.  The  analysis  is  carried  out  using  a  computer  program  based  on  a  complex 
vector  superposition  method. 

12.  The  realization  of  the  SEclc  ~  SErqr  (  YES)  condition  ends  the  analysis,  while  (NO)  causes  the  continuation  of  the  analysis  in  a  loop 
including  stages  8-11.  SEclc  -  the  analyzed  value  of  the  shielding  effectiveness. 

Back  to  the  practical  example  -  an  analysis  is  performed  based  on  this  algorithm.  The  following  results  were  obtained: 

Primary  flux  density  analysis  (without  the  shielding  plates): 


TR1  3x2000  A 


Based  on  the  results  tt  was  decided  to  shield  only  the  transformer  adjacent  to  the  residential  area. 


TR2  3  x  2000  A 


/I 


Analysis  show  that  the  field  level  decreased  to  the  following  levels: 
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Conclusions 


The  question  of  potential  adverse  effects  due  to  ELF  magnetic  fields  exposure  has  been  discussed  and  hypnotized  in  the  past  years.  The 
potential  magnetic  field  adverse  effects  on  the  human  body  are  still  under  ongoing  studies;  nevertheless,  the  adoption  of  the  precautionary 
principal  by  many  countries  and  environmental  conservation  offices  owes  to  minimize  personnel  exposure2.  Many  countries  have  already 
established  regulations  and  limitations  for  the  maximal  magnetic  field  allowed  at  the  workplace  and  residential  areas  which  is  much  lower  than 
the  WHO  ICNIRP1  guidelines.  The  best  situation  exists  when  a  building  design  (both  architecture  and  infrastructure)  considers  magnetic  flux 
reduction  design.  In  reality,  this  does  not  happen  often.  At  best,  magnetic  field  surveys  and  shielding  design  (if  needed),  is  the  very  last  stage 
before  construction  is  completed.  In  many  cases,  construction  is  completed;  inhabited  and  only  thereafter  magnetic  flux  reduction  is  taken  care 
by  the  building  management.  This  paper  describes  a  multi-stage  algorithm  for  efficient  analysis  of  magnetic  flux  contours,  for  optimizing  the 
design  of  structural  magnetic  shielding.  The  multi-stage  algorithm  enables  albeit  medium-power  computer  system  to  calculate  the  effect  of 
shielding  materials  with  a  given  geometry,  in  a  reasonable  timeframe  without  compromising  precision.  The  outcome  results  are  a  large  number 
of  electrical  utility  models  and  the  best  cost-effective  shielding  materials  and  geometries  for  ELF  magnetic  flux  reduction  per  Authority 
regulations  and  requirements. 
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Abstract 

When  large  structures  such  as  residential  compounds  or  public  buildings  are  under  the  influence  of 
extremely  low  frequency  (ELF)  magnetic  fields,  such  as  the  one  generated  by  a  system  of  railways  fed  by 
16  2Zs  Hz,  standard  methods  of  designing  shielding  structures  by  numerical  methods  usually  fail.  The  latter 
can  be  explained  by  the  difficulty  posed  in  the  computing  process  by  the  large  aspect  ratios  involved  due  to 
thin  layers  of  metal  (a  few  millimetres  or  centimetres)  in  contrast  to  the  large  dimensions  of  the  affected 
structure  (several  tens  of  meters).  In  some  cases  one  has  to  utilize  special  approximations  such  as  surface 
conductivity,  which  are  not  easy  to  handle  when  the  designed  shielding  structure  is  clearly  3-dimensional. 
Other  alternatives  such  as  experimentation  in-situ  are  very  costly.  Here,  a  new  technique  is  presented  of 
mitigating  the  field  by  using  3-dimensional  propagation  of  induced  currents  optimizing  the  field  reduction 
factors  and  minimizing  the  cost  of  shielding  material.  The  particular  designing  method  is  a  hybrid  of 
numerical  simulations  combined  with  lab  experimentation  using  scaled  models  of  the  large  structure.  The 
method  is  rather  cost-effective  and  flexible  as  various  designs  can  be  easily  tested.  Results  are  presented  in 
the  form  of  magnetic  field  values,  at  various  locations  in  the  buildings,  before  and  after  this  mitigation 
technique  is  applied. 


Introduction 

There  are  two  major  sources  of  extremely  low  frequency  magnetic  fields  (ELF/MF)  which  are  able  to  affect 
large  scale  areas  in  their  extended  vicinity  (i.e.  tens  or  in  some  cases  even  hundreds  of  metres).  One  of 
them  is  overhead  power  lines  and  the  other  is  AC  powered  railway  systems.  Mitigation  techniques  for  the 
first  source  have  been  extensively  studied  for  more  than  two  decades  and  there  are  a  manifold  of  references 
in  the  literature.  On  the  other  hand,  although  some  studies  related  to  magnetic  fields  originated  in  rail 
systems  have  been  published  [1-6],  there  is  a  lack  of  literature  on  mitigation  techniques  of  magnetic  fields 
originated  from  AC  railway  sources.  In  this  investigation,  the  magnetic  field  produced  by  a  system  of  trains 
operating  at  16  %  Hz  (-16.67  Hz)  is  analyzed  and  mitigated  using  a  combined  technique,  i.e.  designing  a 
structure  able  to  redirect  induced  currents  improving  their  effectiveness  and  performing  cost-effective 
experimental  settings  at  reduced  scale.  The  present  study  was  made  before  starting  the  construction  of  the 
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buildings.  Fig.  1  shows  the  location  of  the  railway  system  in  the  central  area  of  the  city  of  Stockholm.  The 
configuration  of  the  buildings  is  also  shown,  which  is  “L”-shaped  formed  by  two  type  of  buildings,  namely: 
“A+B”  and  “C”  or  correspondingly  Frontal  and  Lateral  the  first  notation  is  from  the  architectural  map 
while  the  second  notation  is  related  to  the  ways  the  trains  pass  with  respect  to  the  buildings.  Two  reasons 
motivated  this  study.  Firstly,  there  is  a  growing  concern  on  suspected  harmful  effects  of  ELF/MF  on  human 
health.  Although  several  epidemiological  studies  suggest  that  long-term  exposure  to  fields  in  excess  of  0.2- 
1  pT  (depending  on  the  study)  can  explain  some  bias  in  the  statistics  of  some  deceases.  The  issue  is  still  not 
resolved  at  the  moment  and  there  is  no  clear  indication  that  there  will  be  a  conclusive  answer  in  a  near 
future.  Some  countries  are  adopting  some  policies  upon  limits  in  residential  and  public  buildings,  as  low  as 
1  pT,  while  others  subscribe  to  ICNIRP  recommendations  of  100  pT  for  50  Hz,  limit  based  on  effects  of 
induced  currents  in  the  human  body  [7],  [8].  Secondly,  this  type  of  field  is  able  to  produce  interference  on 
electronic  equipment  driven  by  electron  beams  such  as  TV  and  computer  screens,  oscilloscopes  and 
electron  microscopes.  This  interference  becomes  evident  at  field  values  over  0.5-1  pT,  depending  on  the 
device.  For  the  present  study,  we  have  chosen  to  aim  at  averaged  (per  floor)  after-mitigation  field  values 
not  exceeding  0.5  pT  while  trying  to  keep  peak  values  at  the  sub-microtesla  level.  The  feasibility  of 
achieving  these  values  will  be  explained  in  the  next  sections. 


Fig.  1  Location  of  the  buildings  in  the  central  part  of  the  city  of  Stockholm;  the  pictures  are  virtual  as  the 
study  was  performed  before  the  buildings  were  constructed.  The  lower  picture  shows  the  way  the  trains 
would  pass  with  respect  to  the  buildings. 
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The  Sources  of  the  Field 

Power  is  supplied  to  the  train  system  by  the  overhead  wires  of  15  kV  carrying  an  average  current  of  200A 
(rms).  The  current’s  return  path  follows  the  rail  track  (Fig.  2).  In  fact,  the  amount  of  traction  current 
depends  on  the  power  consumption  of  the  engine  needed  to  accelerate  these  trains;  which  reverts  in  a 
complex  time -variability.  The  magnetic  field  rms  values  against  time  are  shown  in  Fig.  3.  The 
measurements  shown  were  taken  during  1-hour  at  a  high  traffic  time.  In  spite  of  the  short  duration  of  the 
pulses,  these  are  still  rather  long  compared  with  the  period  corresponding  to  16.67  Hz.  Therefore,  this  study 
is  concern  only  with  the  influence  of  the  periodic  signal.  The  number  of  trains  considered  is  10.  Two  of 
them,  the  closest  to  the  lateral  buildings,  will  stop  before  reaching  the  frontal  buildings.  The  other  eight 
trains  will  either  not  stop  or  stop  for  a  few  minutes  and  then  continue  to  the  next  station  crossing  the  frontal 
buildings. 


5.5  m 


« _ „• 

0.71725m 


Fig.  2  A  simplified  diagram  of  the  source  of  magnetic  field.  The  train  is  powered  by  an  overhead 
wire  carrying  an  average  current  of  200  A.  The  return  path  is  by  one  of  the  rail  tracks. 


B  (pT) 


08  4500  08  58  45  09:1230  09:26:15  Time  (Horn:  Min:  Sec) 


Fig.3  Time  variability  of  the  magnetic  field.  The  values  were  taken  at  the  nearest  floor  to  the  rails, 
near  the  intersection  of  the  lateral  buildings  with  the  frontal  buildings.  Although  the  short  duration  of 
the  pulses;  these  are  still  rather  long  compared  with  the  period  of  the  feeding  current 
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The  Shielding  Challenges 

The  dimensions  of  the  building  are,  for  the  lateral  buildings:  (20-30)m  x  100m;  and  for  the  frontal 
buildings:  18mx65m.  The  height  of  both  buildings  is  34  m.  Traditional  methods  of  mitigating  magnetic 
fields  suggest  placing  a  metallic  plate  (shield)  between  the  source  of  magnetic  fields  and  the  affected  area. 
The  most  commonly  used  materials  for  the  shield  are  steel  (ferromagnetic),  or  aluminium  (pure 
conductive).  Because  of  the  large  dimensions  of  the  building,  iron  would  be  excessively  heavy,  thus 
aluminium  seems  to  be  the  obvious  choice.  However,  when  an  aluminium  shield  is  applied  to  the  frontal 
buildings,  some  issues  arise.  The  nearest  floor  (5th  floor)  to  the  railway  track  has  an  average  distance  of  1 
m  to  the  upper  cable  of  the  feeding  source;  the  extreme  proximity  of  the  cable  poses  a  challenge  to  the 
shielding  properties,  for  most  of  the  eddy  currents  will  be  behaving  as  if  they  were  induced  by  a  homopolar 
(single  cable)  source.  Fig.  4  shows  the  similarity  of  the  eddy  current  pattern  on  a  shield  placed  on  the  floor 
in  close  proximity  to  the  upper  cable  of  the  railway  dipole  and  a  single  cable  in  the  same  location.  In  the 
same  figure  one  can  also  observe  that  eddy  currents  try  to  generate  a  cancellation  field  to  the  source  that 
originated  the  effect  (by  Faraday  and  Lenz  laws)  with  a  concentration  in  the  middle  of  the  plate.  At  the 
same  time  they  also  go  towards  the  edges  as  they  try  to  reach  for  a  return  path.  Thus,  the  result  is  that  an 
aluminium  plate  alone  would  not  be  very  effective  shield  when  a  train  is  passing  through  just  under  and  in 
close  proximity  to  the  shield.  The  simulations  were  performed  using  3d  software  Opera  and  its  solver 
ELEKTRA  [9]. 


Parameters 
of  me  Jest 

Geometry 

*=  1m 
B  =  S.Sm 
c=  15m 
d  =  20mm 
L=  12m. 
f  =  16  67Hz 


Y 


Y 


Fig.  4  Comparison  between  a  railway  feeding-dipole  and  a  homopolar  source;  both  sources  behave 
similarly  in  the  proximity  of  an  aluminium  conducting  plate. 

A  proposed  solution  to  this  issue  is  to  redirect  the  induced  currents  in  a  spatial  configuration  such  that  the 
returning  paths  will  become  useful  to  mitigate  the  field  inside  the  enclosed  area.  This  can  be  achieved  by 
conductive  ribbons  joining  two  plates.  The  upper  plate  is  used  as  part  of  the  currents’  returning  path,  thus  it 
can  be  thinner  than  the  bottom  plate  (Fig.  5).  In  some  designs  the  upper  plate  or  even  both  plates  can  be 
replaced  by  a  set  of  ribbons  providing  further  cost  reduction.  Yet,  as  different  shielding  configurations  will 
yield  different  results,  balance  between  material  cost  and  mitigation  factors  has  to  be  considered. 
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Magnetic  field  is 
minimized  here 


Conductive 

ribbons 


*• 


Fig.  5  extended  shielding  structure  that  redirects  the  induced  currents  creating  effective  current 
loops  resulting  in  a  minimization  the  field  inside  the  enclosed  region.  In  some  designs,  the  upper 
conductive  plate  (or  even  both  plates)  can  be  replaced  by  ribbons  resulting  in  further  cost  reduction. 

Considering  the  lateral  buildings  we  note  that  the  sources  pass  alongside  the  buildings  at  different 
distances,  some  even  under  the  building,  such  as  the  one  shown  in  Fig.  1 .  An  aluminium  shield  alone,  even 
if  thick  relatively  to  the  skin  depth  (5),  will  neither  be  optimal  nor  cost  effective.  The  solution  is  a 
combination  of  optimally  positioned  system  of  loops  and  shields.  Because  the  lateral  region  is  100m  long 
with  a  cross-section  area  20m(width)x34m(height),  such  a  section  can  be  modelled  approximately 
assuming  YZ  symmetry  (fields  do  not  change  in  the  X  direction).  Such  a  simplification  can  be  considered 
accurate  for  the  central  part  of  the  lateral  buildings,  but  it  docs  not  model  its  ends,  which  are  in  fact 
interconnected.  From  the  latter,  is  noticed  that  the  total  eddy  current  (at  the  cross  section)  must  be  zero. 
This  condition  comes  from  the  fact  that  the  eddy  currents  must  find  a  return  path  when  they  meet  the 
physical  ends  of  the  longitudinal  extension.  After  performing  numerical  2d  simulations  for  the  cross  section 
(see  Fig.  6),  it  was  found  that  the  results  depend  on  the  kind  of  boundary  condition  assumed  (the  total 
domain  boundary  is  far  from  the  region  of  interest). 


*  Soiuce 

. ►  Eddy  a  uicnt  on  die  sluelduig  stmctiirc 

Fig.  6  The  lateral  shielding  structure  is  shown  which  can  be  modelled  using  YZ  symmetry  (the  field 
does  not  depend  on  the  x  coordinate).  The  eddy  currents  (dotted  arrows)  on  the  shielding  structure  are 
shown  as  well  as  the  source  (continuous  arrows).  This  simplification  can  be  considered  accurate  for  the 
central  part  of  the  lateral  buildings,  but  it  does  not  model  the  endings. 
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It  is  observed  that  the  boundary  condition:  Ax  =0  at  d  Q  (Ax  is  the  x-  component  of  the  magnetic  vector 
potential  and  Q  is  the  problem  domain)  allows  a  net  eddy  current  flowing  at  the  shielding  structure.  If  the 
total  domain  boundary  d  Q  is  far  from  the  region  of  interest,  we  can  assume  the  magnetic  field  intensity  H 
=  0  at  d  £1  as  the  boundary  condition.  This  boundary  condition  makes  the  net  eddy  current  be  zero  because 
its  circulation  on  d  Q  is  zero.  Figure  7  shows  2d  numerical  results  using  both  boundary  conditions;  the  2d 
simulations  were  performed  using  the  code  Femlab  3.1  [10].  A  line  L  was  added  for  comparison  reference 
between  the  two  conditions;  this  will  be  plotted  later  when  contrasted  with  experimental  validation. 


Fig.  7  Numerical  results  are  shown  for  the  two  boundary  conditions  discussed  above.  In  (a)  the 
boundary  condition  is  assumed  Ax  =  0  at  d  Q,  while  in  (b)  it  was  assumed  H  =  0  at  d  Q.  The  line  L  is 
added  as  comparison  reference  when  contrasted  with  experimental  validation. 

Scaling  rules 

The  computation  of  shielding  factors  for  the  frontal  structure  (which  is  evidently  3-dimensional)  by 
numerical  simulations,  is  rather  complicated  as  a  result  of  the  large  aspect  ratios  involved.  Something 
similar  can  be  said  for  a  fully  3d  numerical  simulation  of  the  lateral  structure,  since  the  2d-  simulations 
presented  can  only  represent  accurately  the  central  region.  Here  an  experimental  technique,  based  on 
scaling  rules,  is  combined  with  the  suggested  3d  structures  which  are  the  paths  of  the  induced  currents.  This 
technique  will  make  it  possible  to  experiment  in  a  lab  with  various  shielding  designs  and  to  predict 
shielding  factors  of  3dimensional  structures  more  accurately. 

Let  the  scaling  factor  between  two  shielding  systems  M  and  M’  be  k  then  length,  surface  and  volume  scale 
as  L’=  k  L;  A’  =  k  2  A;  V’  =  k  3  V  respectively.  A  current  1  is  scaled  assuming  a  homogeneous  scale- 
invariant  current  density  J.  Then:  J’  =  J,  I’/A’  =  I/A,  and  I’/(k  2  A)  =  I/A,  therefore:!’  =  k  2 1.  Having  units 
of  length,  the  skin  depth  §  scales  linearly:  5’  =  k  5.  This  expression  allows  the  computation  of  the  scaling 
rule  for  the  frequency:  (2|T7t’<j’  f’)  "l/2  =  k  (2apjtf)  '1/2  Assuming  scale-invariance  and  homogeneity  of  the 
materials  (p  =  p’,  a  =  a’),  then  the  frequency  scales  as:  f  ’  =  (1/k)2  f  .  The  application  of  Ampere  law  yields 
the  scaling  rule  for  the  magnetic  field:  B’  =  k  B,  i.e.  it  is  linear  with  respect  to  scaling.  Finally  the  shielding 
factors  (SF)  which  are  relative  comparisons  between  the  magnetic  field  before  and  after  mitigation  become 
invariant  with  respect  to  scaling,  i.e.  SF’  =  SF.  When  applying  this  method  [11],  [12]  to  our  study  we  will 
adopt  a  scaling  factor  k  =  1/10.  Therefore  the  frequency  for  the  small  system  is  1667  Hz.  These  settings 
were  implemented  in  a  laboratory  where  the  frontal  and  lateral  structures  were  built  and  tested 
independently.  Figures  8,  9  and  10  show  details  of  this  structure  and  Fig.  1 1  shows  values  obtained,  before 
and  after  mitigation  procedures  were  applied,  for  one  of  the  floors  (level  two  stories  above  the  train  tracks). 
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0.5  mm  thick  aluminium  plate 


Source 


20  cm  shield 
prolongation 


►  1  mm  thick  aluminium  plate 

— ►  2  mm  thick  aluminium  plate  | 

Fig.  8  Scale  model  ten  times  reduced  (k  =  1/10)  of  the  shielding  structure  for  the  frontal  buildings.  The  model 
was  built  in  an  electronic  laboratory  and  low  power  was  used  to  feed  the  source,  which  represented  the  effect 
of  the  current  loop  and  the  corresponding  magnetic  field  generated  by  it.  Different  location  of  the  loop 
represented  different  trains. 


3  ribbon  loops  made  of 
aluminium  (or  copper) 
Cross  section:  0.5  mm  x 
20  mm 


Ribbon  loop 
at  the  border 
of  the 
building. 


Aluminium  shield 
(0.5  mm  thick) 


View  from  the 
other  end 


Fig.  9  The  shielding  structure  for  lateral 
buildings  was  designed  using  a  rather  thin  (0.5 
mm)  aluminium  shield  (barely  5  mm  thick  for 
the  actual  large  scale),  and  four  attached 
conductive  ribbon  loops.  It  manages  to  restrain 
the  incident  magnetic  flux  in  an  optimal  and 
cost  effective  way.  By  adding  a  few  more  loops 
to  the  front  of  the  building,  the  arrangement 
becomes  also  effective  for  other  trains. 


Connections  between 
shields  ensure  the 
extension  of  induced 
currents 
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(Cross  section  of  building  A,  at  x  =  74  m) 


Fig.  10  Cross  section  (left)  and  a  3D  picture  (right)  are  shown  of  the  final  shielding  structure  for  the 
lateral  buildings.  The  extra  loops  have  been  added  to  consider  the  influence  of  any  of  the  10  trains, 
namely,  Bl,  B2,  SI,  S2...or  S8. 


Lateral  buildings 


►  Field  values 


Fig.  11  Before  and  after  mitigation  field  values  are  shown  for  the  level  located  two  floors  above  the  train 
tracks.  The  resulting  average  magnetic  field  levels  in  each  floor  were  kept  below  0.5  pT. 
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Returning  to  the  shielding  issues  and  numerical  modelling,  a  comparison  was  made  (Fig.  12)  between  the 
experimental  results  and  the  two  results  applying  two  different  boundary  conditions  mentioned  in  the  two- 
dimensional  modelling  (see  Fig.  7).  The  line  L  was  taken  at  z  =  22.7  m  .  The  result  is  that  the  condition  H 
=  0  fits  the  obtained  data  more  accurately  than  Ax  =  0.  This  boundary  condition  is  also  physically  more 
realistic  as  it  makes  the  net  eddy  current  be  zero;  which  is  demanded  in  the  experiments  due  to  the 
connecting  paths  of  the  shielding  loops. 


Fig.  12  Comparison  between  numerical  results  and  experimental  data  is  shown.  The  values  taken  over 
the  line  L  at  z  =  22. 7m  (see  Fig.  7).  Notice  that  the  boundary  condition  H  =  0  agrees  more  with 
experimental  data.  The  experimental  data  is  obtained  by  using  the  scale  model  described  in  this  article. 


Conclusions 

The  problem  of  shielding  extremely  low  frequency  magnetic  fields  of  16.67  Hz  that  affect  large  buildings 
certainly  poses  several  challenges  to  standard  field  mitigation  schemes  and  to  modem  numerical  modelling 
methods  too.  A  new  technique  was  used  based  on  re-directing  eddy  currents  towards  ribbon  paths  that 
effectively  contributed  to  reduce  the  magnetic  field  inside  the  buildings.  Due  to  the  3-dinrensional  character 
of  the  proposed  models  the  design  was  elaborated  using  scaling  mles  and  performing  tests  in  a  low-power 
laboratory.  The  scaling  factor  for  the  experiment  was  1/10  and  the  frequency  1.67  kHz.  The  division  of 
lateral  and  frontal  buildings  proved  to  be  useful  in  the  design  of  shielding  structures.  Complex  but  cost- 
effective  structures  based  on  conductive  material  consisting  on  plates  and  ribbons  were  built.  Good 
mitigation  factors  (up  to  SF=10)  were  achieved.  After  shielding  averages  field  values  were  measured  under 
0.5  microtesla  and  peak  values  were  kept  (with  a  few  localized  exceptions)  under  1  microtesla. 
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Abstract 

Ten  minute  daily  PEMF  inhibits  hypoxia  driven  angiogenesis  and  tumor  growth  (Williams  et  al. 
2001,  Cameron  et  al.  2005a)  but  does  not  inhibit  angiogenesis  that  normally  occurs  during  embryogenesis 
and  tail  fin  regeneration  in  zebrafish  (Short  et  al.  2006).  As  discussed,  the  reason  for  this  difference  may 
be  due  to  the  hypoxic  state  of  the  tissues.  Daily  pulsed  electromagnetic  field  (PEMF)  was  found  to  retard 
angiogenesis  and  growth  of  a  human  breast  cancer  xenograft,  causing  the  tumor  to  develop  proportionately 
larger  areas  of  necrosis  and  hypoxia  and  smaller  areas  of  proliferatively  active  cancer  cells.  It  was  also 
demonstrated  that  the  daily  PEMF  therapy  continued  to  inhibit  tumor  angiogenesis  and  tumor  regrowth  for 
two  weeks  following  a  standard  course  of  ionizing  radiation  (IR)  therapy  (Cameron  et  al.  2005  a). 
However,  this  PEMF  therapy  renders  large  areas  of  the  tumor  hypoxic  and  therefore  is  expected  to  lessen 
susceptibility  to  oxidative  damage  caused  by  further  IR  treatments  or  by  oxidative  dependent 
chemotherapy.  The  need  for  a  2-4  day  recovery  from  the  anti-angiogenic  effects  of  PEMF  prior  to  the  next 
round  of  oxidative  IR  therapy  is  discussed. 
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Introduction 

There  appears  to  be  only  two  previously  published  original  research  reports  on  use  of  pulsating 
electromagnetic  field  (PEMF)  to  reduce  tumor  angiogenesis  and  tumor  growth  (Williams  et  al.  2001, 
Cameron  et  al.  2005a).  These  two  previous  reports  both  indicated  that  a  15  rnT  PEMF  given  for  10 
minutes  per  day  safely  reduces  tumor  growth  and  tumor  vascularization.  In  an  accompanying  report  in 
these  proceedings  the  effects  of  the  exact  same  PEMF  exposure  condition  on  zebrafish  development  and 
tail  fin  regeneration  was  reported  to  be  ineffective  in  retarding  fish  embryonic  development  or  fin 
regeneration  or  to  retard  the  vascularization  accompanying  these  processes  (Short  et  al.  2006).  What  factor 
or  factors  might  be  responsible  for  the  difference  in  response  to  the  same  PEMF  exposure  conditions 
between  the  transplantable  tumors  in  mice  and  the  development  and  fin  regeneration  in  the  fish?  Thus,  an 
aim  of  the  current  report  is  to  briefly  reexamine  the  results  of  these  two  prior  reports  on  growth  of  a 
transplantable  tumor  and  on  fish  development  and  tail  fin  regeneration  and  to  explore  possible  differences 
in  responsiveness  to  the  same  PEMF  exposure  conditions. 

It  seems  likely  that  clinical  oncologists  might  not  be  inclined  to  use  PEMF  as  the  sole  method  of 
cancer  therapy.  Thus,  it  was  decided  to  combine  a  commonly  used  form  of  cancer  therapy,  specifically  a 
standard  course  of  ionizing  radiation  (IR)  with  PEMF  therapy  in  hopes  of  finding  additive  or  synergistic 
benefits.  The  therapeutic  implications  of  the  results  of  the  IR  and  PEMF  study  are  presented  and  discussed. 

Materials  and  Methods 

EMF  on  Tumor  Growth/Angiogenesis — Green  fluorescent  protein  transfected  with  MDA-MB  23 1 
breast  cancer  cells  were  injected  into  the  mammary  fat  pad  of  young  female  athymic  mice.  Six  weeks  later, 
mice  were  randomly  divided  into  four  treatment  groups:  untreated  controls;  10  minute  daily  PEMF;  200 
cGy  of  IR  every  other  day  (total  of  800  cGy);  IR  plus  daily  PEMF.  Detail  of  the  PEMF  method  and  the  IR 
method  are  given  in  Cameron  et  al.  (2005a).  Tumor  size  and  body  weight  measurements  were  made 
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throughout  the  course  of  treatment.  Some  mice  in  each  group  were  euthanized  24  hours  after  the  end  of  the 
IR  treatment.  PEMF  treatment  continued  for  three  additional  weeks.  Tumor  sections  were  stained  for: 
endothelial  cells  with  CD31  and  PAS  or  hypoxia  inducible  factor  la  (HIF).  Tumors  were  scored  for 
angiogenesis,  for  metaphase  index  and  for  lung  metastases. 

EMF  on  Zebrafish  Embryonic  Development — Newly  fertilized  zebrafish  embryos  were  given  daily 
PEMF  and  developmental  stages  were  scored  versus  untreated  control  embryos  based  on  developmental 
designations  made  my  Kimmel  et  al.  (1995).  Details  of  the  methods  are  given  in  accompanying  report  in 
these  proceedings  (Short  et  al.  2006). 

Results 


Whole  body  IR  and  PEMF  therapy  suppressed  tumor  growth  (Fig.  1),  cell  proliferation  (Fig.  2), 
lung  metastases  (Fig.  3)  and  angiogenesis  (Fig.  4). 


Days  after  start  of  treatment 


(mm3/day) 
8.58  ±  1.0 


2.56  ±0.32 

0.35+0.08 
0.19  ±  0.08 


Figure  1.  Illustrates  the  effect  on  tumor  growth  of:  the  8-day  course  of  gamma  irradiation  therapy  (IR),  the  daily 
exposure  to  the  TEMF  therapy  (TEMF),  a  combination  of  gamma  irradiation  and  TEMF  therapy  (TEMF/IR),  and  no 
treatment  (Control).  The  tumors  were  all  35mm3  or  less  at  the  start  of  treatment. 
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(post  Id)  (post22d)  (post  Id)  (post  22d) 


Figure  2.  Number  of  metaphase  figures  per  midaxial  histological  section  of  tumor.  Column  height  indicates  mean  ± 
SEM.  The  columns  that  do  not  share  a  common  letter  are  significantly  different  (p<0.01).  TEMF  significantly 
suppresses  metaphase  index  in  the  tumor.  Data  from  the  untreated  mice  (Control)  and  the  TEMF  treated  mice  were 
pooled  from  mice  of  the  early  and  the  late  sacrifice  because  there  were  no  significant  time  of  sacrifice  differences 
within  these  groups.  Not  shown  are  data  on  number  of  metaphase  figures  per  midaxial  histological  section  of  duodenal 
crypts  from  mice  sacrificed  one  day  after  last  IR  exposure.  The  data  reveal  significant  decreases  in  IR  treatment. 
Treatment  with  IR  but  not  TEMF  caused  a  significant  decrease  in  metaphase  index  in  the  intestinal  crypts. 
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Figure  3.  Metastasis  of  GFP-expressing  human  breast  MDA  MB231  cells  from  the  site  of  inoculation  in  the  inguinal 
mammary  fat  pad  to  lodge  in  the  lungs  of  mice  in  each  of  the  four  treatment  groups.  The  lungs  were  removed  and 
smashed  between  microscopic  slides  and  microcolonies  of  GFP  cells  were  observed  by  epilumination  using  blue  light 
and  detected  by  presence  of  green  fluorescence  microcolonies  observed  using  both  3.5x  and  lOx  objective  lens.  The 
untreated  mice  had  a  significantly  higher  number  of  GFP  positive  microcolonies  than  the  groups  of  mice  that  received 
gamma  irradiation  therapy  or  those  mice  that  received  EMF  therapy.  There  were  no  other  significant  differences 
between  groups  in  either  mean  number  of  microcolonies  per  lung  or  in  incidence.  Horizontal  lines  indicate  mean  values 
for  each  treatment  group. 
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Blood  vessels 


Control  IR  IR  TEMF  TEMFjIR  TEMFilR 

(post  Id)  (post  22d)  (post  Id)  (post22d) 


Figure  4.  Quantification  of  changes  in  tumor  vascularization  between  treatment  groups.  The  percent  of  area  (volume 
density)  of  blood  vessels  was  determined  using  an  ocular  grid  intercept  counting  method.  The  mean  +  SEM  of  each 
treatment  group  is  graphed.  Columns  that  do  not  share  a  common  letter  within  a  graph  are  significantly  different  (p  < 
0.01).  The  data  indicate  that  gamma  irradiation  and  EMF  alone  or  in  combination  decreased  the  total  area  of  blood 
vessels  and  increased  the  total  area  of  pseudopods  compared  to  the  control.  Data  from  the  untreated  mice  (Control)  and 
the  EMF  treated  mice  (TEMF)  were  pooled  from  mice  from  the  early  and  from  the  late  sacrifice  because  there  was  no 
significant  time  of  sacrifice  difference  within  these  groups. 


Figure  5.  Mean  +  SEM  tumor  growth  rate  data  from  day  7  to  day  15  post  IR  therapy  in  each  treatment  group.  ANOVA 
was  used  to  determine  any  statistical  differences  in  growth  rates  between  treatment  groups.  Different  letters 
demonstrate  significant  differences.  Tumors  in  the  untreated  control  group  grew  significantly  faster  than  did  tumors  in 
the  other  three  groups.  Tumors  in  the  IR/TEMF  group  had  a  growth  rate  significantly  lower  than  that  of  the  other  three 
groups. 
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Continued  daily  PEMF  therapy  following  IR  treatment  prevented  angiogenesis  and  tumor  regrowth  (Fig.  4- 
5).  PEMF  therapy  did  not  result  in  the  body  weight  decreases  nor  the  decreases  in  blood  elements  that  IR 
did  (not  shown).  Embryogenesis  was  not  inhibited  by  daily  PEMF  therapy  (Fig.  6). 


Figure  6.  Temperature  and  10  minute  daily  exposure  to  PEMF  on  development.  The  time  post-fertilization  to  reach 
each  stage  at  28.5°C  (from  Kimmel  et  al.,  1995)  is  plotted  on  the  left  y-axis.  Corresponding  morphological  stages  are 
listed  along  the  right  y-axis.  Stage  abbreviations  used  are  8  somite  (8s)  and  protruding  mouth  (pro-mouth).  Times  of 
PEMF  exposures  are  labeled  on  the  x-axis. 


Discussion 

Angiogenesis  in  the  tumor  was  hypoxia  driven,  (see  Fig.  7  that  summarizes  a  model  of  human 
MDA  MB 23 1  breast  cancer  tumor).  Continued  daily  PEMF  therapy  following  IR  treatment  prevented 
tumor  angiogenesis  and  regrowth.  However,  it  did  not  suppress  metaphase  index  in  intestinal  crypts.  This 
suggests  that  PEMF  works  selectively  on  hypoxia  driven  angiogenesis  such  as  that  in  growing  tumors. 
Angiogenesis  during  embryogenesis  in  fish  was  not  inhibited  by  daily  PEMF  treatment.  Had  hypoxia 
occurred  in  fish  development  then  developmental  retardation  or  arrest  has  been  demonstrated  to  occur 
(Padilla  and  Roth  2001).  Lack  of  effect  of  angiogenesis  in  the  fish  versus  the  tumor  suggests  the  difference 
in  response  to  PEMF  is  because  PEMF  interferes  with  hypoxia  driven  angiogenesis  that  occurs  in  tumors 
but  not  in  normal  fish  embryogenesis. 
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PEMF  is  an  effective  adjunct  therapy  following  IR  therapy  but  the  continued  daily  PEMF  therapy 
should  be  stopped  sometime  (2-4  days)  prior  to  a  second  round  of  IR  therapy.  The  temporary  cessation  of 
PEMF  prior  to  the  second  round  of  IR  is  necessary  for  resumption  of  angiogenesis,  decrease  of  hypoxic 
areas  and  increase  in  proliferative  activity  in  well  oxygenated  areas  within  the  tumor,  all  of  which  are 
needed  for  an  effective  second  round  of  IR  treatment. 


Muscle 


Blood 


Hypoxic 
area 


Cortex 


Tumor  greater  than  35mnr 
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Blood  vessels 
with  lumen 
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Figure  7.  Model  of  vascularization  as  observed  in  the  human  MDA  MB231  breast  cancer  cell  tumor  grown  as  a 
xenograph  in  a  female  nude  mouse.  The  well  vascularized  tumor  capsule  overlies  the  tumor  cortex.  The  cortex  extends 
between  100  and  150  pm  beneath  the  capsule.  The  HIF-a  positive  region  is  located  in  the  subcortical  region,  at 
distances  greater  than  150  pm  of  the  capsule.  More  endothelial  pseudopods  are  located  in  this  subcortical  region  than 
are  located  in  the  cortical  region  of  the  tumor.  Even  further  away  from  the  vascularized  capsule  is  the  region  of  tumor 
necrosis  which  contains  no  blood  vessels  or  endothelial  cell  pseudopods.  This  model  is  consistent  with  the  conclusion 
that  the  hypoxic  regions  of  the  tumor  produce  HIF  leading  to  production  of  vascular  endothelial  growth  factors  and 
sprouting  of  endothelial  cell  pseudopods  (Cameron  et  al.  2005b). 
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Abstract 

A  rectified  semi-sinewave  signal  with  an  amplitude  of  15mT  and  a  frequency  of  120  pulses  per  second 
(PEMF)  given  as  a  10  minute  daily  session  has  proven  to  be  a  safe  means  for  retarding  tumor  growth  and 
angiogenesis  in  a  transplantable  tumor  in  mice.  The  experiments  reported  here  were  designed  to  test  the  same 
PEMF  exposure  on  embryonic  development  and  on  caudal  fin  (tail)  regeneration  in  zebrafish.  The  results  of  single 
and  multiple  exposures  to  PEMF  at  different  times  during  embryonic  development  and  tail  fin  regeneration 
demonstrated  no  significant  delay  in  either  embryo  development  or  in  tail  fin  regeneration.  Possible  difference 
between  the  inhibitory  effect  of  PEMF  on  tumors  compared  to  the  lack  of  effect  of  the  PEMF  on  embryo 
development  and  on  tail  fin  regeneration  is  discussed. 


Background 

It  has  been  reported  that  a  10  minutes  per  day  exposure  to  a  15mT  pulsed  electromagnetic  field  (PEMF) 
given  at  120  pulses  per  second  reduced  tumor  growth  and  vascularization  and  resulted  in  increased  survival  time  in 
mice  with  a  breast  cancer  xenograft  [Williams  et  al.,  2001,  Cameron  et  al.,  2005],  The  study  reported  here  was 
designed  to  investigate  the  potential  effects  of  the  same  PEMF  on  embryonic  development  and  tail  fin  regeneration 
of  zebrafish  ( Danio  rerio). 

In  the  present  study  it  was  decided  to  exactly  repeat  the  PEMF  exposure  conditions  used  in  the  previous 
breast  cancer  xenograph  experiments.  No  attempt  was  made  to  increase  the  dose  of  exposure  (time  or  intensity). 
Thus,  no  claims  are  made  to  any  possible  effects  outside  the  dosage  range  used  in  the  present  fish  study. 
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Zebrafish  are  excellent  organisms  for  the  study  of  embryonic  development.  A  single  mating  pair  can 
provide  200  newly  fertilized  eggs  that  progress  through  development  in  synchrony.  The  zebrafish  is  a  leading 
model  for  studies  of  vertebrate  development  because  one  can  obtain  a  large  number  of  transparent,  externally  and 
rapidly  developing  embryos  [Kimmel  et  al.,  1995],  Thus,  even  modest  experimental  perturbations  can  influence  the 
rate  of  sequential  development  in  a  subset  of  these  fertilized  embryos. 

The  caudal  tail  fin  is  an  excellent  model  organ  for  studying  regeneration.  It  has  a  comparatively  simple 
architecture,  consisting  of  several  segmented,  bony  fin  rays  composed  of  concave  hemirays,  which  are  surrounded 
by  connective  tissue,  nerves,  and  blood  vessels  [Ferretti  and  Geraudie,  1998].  Hundreds  of  amputations  per  hour 
may  be  performed.  Regeneration  is  rapid  and  reliable,  with  most  structures  replaced  within  1  to  3  weeks.  Zebrafish 
survive  their  amputation  wound,  allowing  for  study  of  formation  of  new  blood  vessels  and  nerve  regeneration 
[Johnson  and  Weston,  1995]. 

Because  of  the  critical  events  associated  with  blood  vessel  formation  and  circularization  between  the  21 
and  26  somite  stages  of  embryogenesis  [Stainier  et  al.,  1993]  and  the  need  for  angiogenesis  during  tail  regeneration 
as  well  as  the  past  report  that  PEMF  has  anti-angiogenic  action  in  rapidly  growing  mammalian  tumors  [Williams  et 
al.  2001,  Cameron  et  al.  2004],  it  was  decided  that  exposure  of  fish  embryos  and  regenerating  fish  fins  to  the  PEMF 
at  known  times  of  angiogenesis  might  shed  light  on  the  mechanism  of  action  the  PEMF  on  suppression  of  tumor 
growth  and  angiogenesis. 


Materials  and  Methods 

A  pulsed  electromagnetic  field  (PEMF)  system  having  a  proprietary  signal  designed  by  EMF  Therapeutics, 
Inc.  (Chattanooga,  TN,  USA)  was  used  (Figure  1).  The  system  generates  a  pulsating  half  sinewave  magnetic  field 
with  a  frequency  of  120  pulses  per  second.  An  ellipsoidal  coil  with  21"  large  diameter  and  14"  small  diameter  is 
used  to  deliver  the  signal  to  the  target.  In  the  experiment  reported  here,  the  magnetic  flux  density  measured  in  the 
exposure  chamber  was  15  mT.  This  value  of  magnetic  field  flux  density  was  chosen  based  upon  our  previous  dose 
response  experience  and  data  (Williams  and  Markov  2001  and  Williams  et  al.  2001).  A  thorough  3-D  mapping  of 
the  magnetic  field  was  performed  for  the  entire  space  covered  by  the  coil. 


Figure  1.  Photograph  of  the  EMF  device  and  a  separately  suspended  exposure  table  that  was  used  to  avoid 
vibration  of  the  exposure  chamber  (left).  An  illustration  of  the  fully  rectified  60Hz  signal  transferred  to  120  pulses 
per  second  pulsating  magnetic  field  (right). 

The  flux  density  of  the  magnetic  field  in  the  exposure  chamber  (25  cm  long,  10  cm  wide  and  13  cm  high) 
was  consistent  within  the  entire  volume  of  the  chamber.  The  same  type  chamber  was  used  on  sham  controls.  The 
temperature  inside  the  exposure  chamber  before  and  at  the  end  of  the  PEMF  treatment  was  the  same.  The  exposure 
chamber  is  suspended  separately  from  the  EMF  device  and  no  vibrations  were  detected  in  the  chamber  during 


1294 


EMF  AND  ZEBRA  FISH  DEVELOPMENT 


operation  of  the  EMF  device. Zebrafish  (4  months  old)  were  purchased  from  Ekkwill  Waterlife  Resources 
(Gibsonton,  FL).  Zebrafish  were  cultured  according  to  Westerfield  [1989].  Developmental  times  were  determined 
from  the  morphological  features  of  the  embryos  under  a  dissecting  microscope.  All  experiments  were  conducted  at 
21°C.  A  time  point  for  a  particular  stage  as  judged  by  the  morphological  staging  of  each  individual  embryo  in  the 
cohort  was  assessed  and  the  corresponding  time  value  from  Kimmel  et  al.,  1995  was  then  used  for  statistical 
analysis.  Linear  regression  analyses  of  all  data  obtained  revealed  a  significant  linear  fit  between  hours  post¬ 
fertilization  (hpf)  from  this  study  and  hpf  from  Kimmel  et  al.,  1995  when  plotted  against  one  another  at  various 
morphological  stages.  This  indicates  that  the  method  of  scoring  development  in  numerical  hours,  as  done  in  this 
study,  is  justified. 

In  an  attempt  to  determine  an  action  of  the  PEMF  on  embryogenesis,  fertilized  zebrafish  eggs  were  exposed 
to  the  PEMF  at  designated  stages  of  development.  A  first  group  was  exposed  daily  to  the  PEMF  beginning  at  the  64 
cell  stage  (2.5  hpf)  for  a  total  of  7  daily  pulses.  A  second  group  of  fertilized  eggs  was  exposed  at  either  the  8  cell 
stage  (1.6  hpf)  or  at  the  64  cell  stage  (2.5  hpf),  both  at  times  during  synchronous  cell  divisions.  The  third  group  was 
exposed  to  the  PEMF  pulse  at  the  sphere/blastula  stage  (7  hpf),  shortly  after  the  initiation  of  embryonic  mRNA 
transcription  [Zamir  et  al.,  1997],  The  fourth  group  was  divided  into  four  subgroups:  embryos  not  exposed  to  the 
PEMF  (controls),  embryos  exposed  to  the  PEMF  at  the  4  somite  stage  (27  hpf),  embryos  exposed  to  the  PEMF  at  the 
13  somite  stage  (31  hpf),  and  embryos  exposed  to  the  PEMF  at  the  25  somite  stage  (48  hpf).  The  timing  of  exposure 
to  the  PEMF  pulses  of  these  four  subgroups  was  designed  to  coincide  with  the  time  of  cardiovascular  development 
in  zebrafish  (between  the  21  and  the  26  somite  stages)  [Stainier  et  al.,  1993], 

For  the  caudal  fin  regeneration  study,  adult  zebrafish  were  anesthetized  in  a  lOpmol  Tricaine  solution  and 
the  distal  one-half  of  each  fish’s  caudal  fin  was  amputated.  Afterwards,  the  fish  were  returned  to  tanks  of  distilled 
water  and  fed  brine  shrimp  every  third  day.  To  assess  regeneration  at  2  days,  7  days  and  13  days  post-amputation, 
the  fish  were  anesthetized  in  lOpmol  solution  at  these  times  and  the  amputated  fin  regeneration  areas  were 
determined  by  assessment  of  the  ratio  of  the  tail  fin  area  regeneration  to  the  tail  fin  area  remaining  after  amputation. 
Tail  regeneration  was  observed  using  images  captured  using  a  Nikon  CoolPix  995  CCD  camera  mounted  on  a  Nikon 
Op  tip  hot  microscope  using  a  4x  objective. 

To  further  assess  tail  fin  regeneration,  the  number  of  new  bone  centers  per  fin  ray  of  the  middle  five  rays 
from  each  fish  was  scored.  Finally,  the  number  of  fin  rays  with  bifurcated  bone  segments  at  the  distal  end  was 
scored. 

Statistical  analyses  consisted  of  one-  and  two-way  ANOVA  followed  by  Student  Newman  Keuls  multiple 
range  test.  Linear  regression  analyses  were  used  to  assess  correlations. 


Results 


Figure  2  summarizes  the  results  of  daily  exposure  of  zebrafish  embryos  to  the  10  minute  PEMF.  Both  the 
PEMF  and  the  no  PEMF  controls  each  had  at  least  20  embryos.  There  were  no  significant  differences  at  any  of  the 
times  of  scoring  and  the  variance  from  the  mean  values  was  so  small  as  not  to  be  visible  within  the  experimental 
points  on  the  figure.  No  significant  differences  were  found  between  the  two  groups  at  any  time  post-fertilization. 
Linear  regression  analysis  gives  a  significant  linear  fit  of  data. 

The  slope  of  the  mean  rate  of  embryo  development  was  0.4983  +  0.0142  for  the  control  embryos  and  was 
0.4985  ±  0.0147  for  the  embryos  exposed  to  the  daily  PEMF.  These  slope  values  are  not  significantly  different. 
The  slopes  of  both  the  control  and  the  daily  PEMF  groups,  both  at  21°C,  differed  significantly  from  the  reference 
values  at  28.5°C(p<0.001). 

When  embryos  were  exposed  to  a  single  pulse  of  the  PEMF  at  either  the  8  cell  stage  ( 1 .6  hpf),  the  64  cell 
stage  (2.5  hpf),  or  the  sphere/blastula  stage  (7  hpf)  and  were  followed  to  the  4  somite  stage  (26  hpf),  no  significant 
differences  in  development  were  detected  compared  to  the  untreated  controls  (data  not  shown). 
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Figure  2  Temperature  and  10  minute  daily  exposure  to  PEMF  on  development.  The  time  post-fertilization  to  reach 
each  stage  at  28.5°C  (from  Kimmel  et  al.,  1995)  is  plotted  on  the  left  y-axis.  Corresponding  morphological  stages 
are  listed  along  the  right  y-axis.  Stage  abbreviations  used  are  8  somite  (8s)  and  protmding  mouth  (pro-mouth). 
Times  of  PEMF  exposures  are  labeled  on  the  x-axis. 


In  an  attempt  to  bracket  PEMF  pulse  exposure  to  the  time  of  cardiovascular  development  in  the  fish  embryo,  a 
single  pulse  of  PEMF  was  given  to  subgroups  of  embryos  at:  the  4  somite  stage  (27  hpf),  the  13  somite  stage  (31 
hpf),  and  the  25  somite  stage  (48  hpf).  The  results  are  illustrated  in  Fig.  3. 


Figure  3  Effect  of  the  PEMF  exposure  before  (4  somite  stage,  27  hpf)  just  prior  to  (13  somite  stage,  31  hpf)  and  at 
the  end  of  (25  somite  stage,  48  hpf)  development  of  a  functional  cardiovascular  system  in  the  zebrafish  embryo  (21 
to  26  somite  stage)  [Stainier  et  al.,  1993]  on  rate  of  embryonic  development.  The  time  post-fertilization  to  reach 
each  stage  at  28.5°C  (from  Kimmel  et  al.,  1995)  is  plotted  on  the  left  y-axis.  Corresponding  morphological  stages 
are  listed  along  the  right  y-axis.  Stage  abbreviations  used  are  64  cell  (64c),  4  somite  (4s),  13  somite  (13s)  and  25 
somite  (25s).  Linear  regression  analyses  of  the  slopes  of  each  of  the  four  groups  of  embryos  from  the  time  of  the 
first  PEMF  exposure  (27  hpf)  to  the  conclusion  of  the  experiment  (100  hpf)  revealed  no  significant  differences  in  the 
rate  of  development  due  to  PEMF  exposure  compared  to  the  untreated  controls  (see  text  for  slope  statistics). 
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There  were  no  significant  differences  between  the  four  groups  at  any  time  after  treatment.  Variance  around 
the  mean  values  was  so  small  as  not  to  be  visible  within  the  points  in  Fig.  3.  Statistical  analyses  of  mean  rate  of 
development  slopes  of  each  of  the  four  embryo  groups  yielded  the  following  linear  regression  slopes:  0.445  ± 
0.0075  for  the  control  embryos,  0.4441  +  0.0073  for  the  embryos  exposed  to  TEMF  27  hpf,  0.4443  ±  0.0070  for  the 
embryos  exposed  to  the  PEMF  31  hpf,  and  0.4449  ±  0.0072  for  the  embryos  exposed  to  the  PEMF  48  hpf.  These 
mean  slope  values  are  not  significantly  different. 

Table  1  summarizes  the  results  of  zebrafish  caudal  fin  regeneration  with  and  without  a  10  minutes  per  day 
exposure  to  the  PEMF.  The  ratio  of  the  area  regenerated  to  the  area  remaining  after  amputation  is  presented  at  2,  7 
and  13  days  post-amputation.  Statistical  analysis  reveals  a  significant  increase  with  time  post-amputation  but  no 
significant  difference  between  the  fish  that  were  exposed  to  the  PEMF  and  the  fish  that  were  not  exposed  to  the 
PEMF.  Likewise,  the  scoring  of  newly  forming  bone  centers  per  fin  ray  reveals  differences  with  time  after 
amputation  but  no  significant  differences  between  fish  with  or  without  the  daily  PEMF.  As  fin  rays  increased  in 
length,  they  were  each  observed  to  have  a  centrally  located  artery  with  veins  on  each  side.  Capillaries  with 
circulating  blood  cells  were  observed  between  adjacent  rays,  indicating  return  of  normal  blood  vessel  morphology 
by  19  days  post-amputation. 

Table  1  Analysis  of  Zebrafish  Caudal  Fin  Regeneration  With  and  Without  Daily  PEMF  Treatments  Mean  +  SEM 

(«= 5  fish  per  group)3 


Time  after  amputation  in 
day 

Area  regenerated 

Area  remaining  after  amputation 

New  bone  centers/fin 
rayb 

Day  2  -  PEMF 

.042  ±  .008 

0 

Day  2  +  PEMF 

.045  ±.010 

0 

Day  7  -  PEMF 

.739  ±.140 

.600  ±.167 

Day  7  +  PEMF 

.536  ±.087 

.320  ±.136 

Day  13 -PEMF 

1.279  ±.247 

4.320  ±.361 

Day  13  +  PEMF 

1.258  ±.168 

4.320  ±.382 

a  Results  of  two-way  ANOVA:  Significant  increases  with  time  (p<0.001)  but  no  significant  differences  between  the 
group  receiving  daily  PEMF  exposure  and  the  group  not  receiving  daily  PEMF  exposure. 

b  Five  middle  fin  rays  were  scored  in  each  fish. 


Another  measurable  indicator  of  fin  regeneration  is  bifurcation  of  fin  rays.  As  time  of  regeneration 
increased,  the  number  of  fin  rays  demonstrating  bifurcation  increased.  The  mean  percentage  of  fin  rays 
demonstrating  bifurcation  did  not  differ  significantly  between  the  control  and  the  PEMF  treated  experimental 
groups.  For  instance,  at  13  days  post-amputation  the  PEMF  group  had  (21.0  +  5.6)  %  of  rays  with  bifurcation  while 
the  control  group  had  (18.8  +  7.3)%  of  rays  with  bifurcation.  At  19  days  post-amputation,  the  PEMF  group  had 
(70.2  +  9.4)  %  of  rays  with  bifurcation  while  the  control  group  had  (68.3  ±  19.0)  of  rays  with  bifurcation.  Adults 
whose  tails  were  not  amputated  and  all  of  the  fish  in  this  study  with  tail  amputation  demonstrated  100%  of  the  fin 
rays  with  bifurcation  by  24  days  post-amputation. 


Discussion 

It  was  shown  that  a  single  10  minute  exposure  to  the  PEMF  given  at  either  the  8  cell  stage  (1.6  hpf)  or  at 
the  64  cell  stage  (2.5  hpf)  did  not  delay  development  indicates  that  the  PEMF  is  not  acting  to  slow  or  to  interfere 
with  nuclear  DNA  synthesis,  mitosis,  or  cytokinesis,  all  of  which  take  place  during  these  synchronous  cell  division 
stages.  A  single  10  minute  exposure  to  the  PEMF  at  the  sphere/blastula  stage  (7  hpf)  did  not  delay  development 
indicates  that  the  PEMF  did  not  interfere  with  production  of  zygotic  rnRNA  synthesis  known  to  be  needed  for 
continued  embryonic  development  at  this  stage  of  development  [Zamir  et  al.,  1997]. 

The  timing  of  a  pulse  of  the  PEMF  at  the  4  somite  (27  hpf),  the  13  somite  (31  hpf)  or  the  25 
somite  (48  hpf)  stages  (at  times  before,  just  prior  to  and  just  after  initiation  of  heart  tube  formation,  respectively) 
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suggests  that  the  PEMF  exposure  at  these  stages  of  development  did  not  delay  normal  cardiovascular  development 
known  to  occur  between  the  21  and  26  somite  stages  [Stainier  et  al.,  1993],  Clearly,  use  of  the  PEMF  did  not  delay 
embryonic  development  using  any  of  the  experimental  conditions  tested. 

Zebrafish  continue  to  grow  throughout  life,  and  fin  ray  growth  occurs  by  distal  addition  of  bony  segments 
[Iovine  and  Johnson,  2000].  The  caudal  fin  is  a  usable  model  for  studying  genetics  of  regeneration  [Poss  et  al., 
2002,  Akinemko  et  al.,  1995]  and  also  as  a  tool  for  evaluation  of  the  effects  of  drugs  and  natural  products  [White  et 
al.,  1994,  Santos-Ruiz  et  al.,  2001,  Zodrow  and  Tanguay,  2003],  The  regeneration  process  involves:  blastema 
formation,  bone  formation,  nerve  regeneration,  and  formation  of  new  blood  vessels  (angiogenesis).  Because  of  the 
usefulness  of  the  regenerating  tail  fin  model  for  the  evaluation  of  the  action  of  drugs  and  natural  products,  it  was 
decided  to  evaluate  the  effects  of  a  10  minutes  per  day  pulse  of  the  PEMF  on  tail  fin  regeneration.  The  question  was 
would  a  daily  10  minute  pulse  of  PEMF  treatment  suppress  regeneration  of  the  caudal  fin  of  adult  zebrafish 
following  partial  amputation  of  the  fin?  Based  on  the  experimental  data  in  this  report,  the  answer  is  no. 

The  failure  of  daily  PEMF  to  delay  development  of  fish  embryogenesis  and  to  delay  fin  regeneration 
indicates  that  daily  exposure  to  the  PEMF  is  without  measurable  effect.  However,  the  same  daily  PEMF  exposure 
was  effective  at  slowing  growth  and  angiogenesis  of  a  rapidly  growing  transplantable  tumor  in  mice  [Williams  et  al., 
2001,  Cameron  et  al.,  2005].  What  might  account  for  a  lack  of  effect  of  PEMF  on  fish  development  and  on  wound 
repair  as  well  as  the  report  that  the  PEMF  inhibits  growth  and  angiogenesis  of  a  transplantable  breast  cancer  in  nude 
mice.  One  possible  explanation  may  be  differences  in  angiogenesis  in  the  different  experimental  systems.  In  the 
rapidly  growing  tumor,  the  cancer  cells  proliferate  so  rapidly  that  development  of  the  needed  vascular  supply  cannot 
keep  pace,  thus  resulting  in  hypoxic  regions  within  the  tumor.  The  hypoxic  cancer  cells  respond  by  production  of 
hypoxia  inducible  factor,  leading  to  release  of  vascular  endothelial  growth  factor,  which  stimulates  the  subsequent 
sprouting  of  new  endothelial  cell  pseudopods  into  the  hypoxic  areas  of  the  tumor  [Wachsberger  et  al.,  2003, 
Cameron  et  al.,  2005].  This  eventually  leads  to  formation  of  new  capillaries  and  blood  vessels.  Clearly,  the 
angiogenesis  process  in  this  tumor  system  is  hypoxia  driven.  On  the  other  hand,  angiogenesis  during  normal  fish 
development  and  tail  fin  regeneration  appears  not  to  be  hypoxia  driven,  perhaps  because  diffusion  of  oxygen  to  the 
embryo  and  to  the  regenerating  tail  fin  is  adequate  enough  to  avoid  hypoxic  conditions  during  normal  embryonic 
development  and  tail  fin  regeneration.  Thus,  angiogenesis  in  the  fish  embryo  and  in  fin  regeneration  may  not  be 
hypoxia  driven  whereas  angiogenesis  in  the  rapidly  growing  tumor  is  hypoxia  driven.  This  difference  between 
systems  may  account  for  the  observed  differences  in  response  to  PEMF.  It  seems  unlikely  that  zebrafish  embryos 
and  adults  experienced  hypoxia  under  the  experimental  conditions  based  on  the  fact  that  induced  oxygen  deprivation 
does  cause  arrest  of  zebrafish  development  and  heartbeat  until  returned  to  normoxia  (Padilla  and  Roth,  2001).  A 
testing  of  this  hypothesis  is  planned  by  the  authors. 
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ABSTRACT 

There  are  many  publications  in  the  last  years  about  the  risk  of  radiofrequency  (RF)  exposure  to  the  general 
population  from  base  stations  for  mobile  communication.  Unfortunately,  very  few  of  them  concern  the  risk  to  the 
personnel  mounting  and  maintaining  these  systems. 

Here,  we  present  a  pilot  study  of  the  exposure  to  the  personnel  in  selected  objects  with  different  types  of  antennae 
mounting. 

The  exposure  assessment  is  made  according  to  the  typical  work  positions  corresponding  to  the  operations  of  the 
personnel.  Calculations  of  the  energetic  load  are  made  on  the  basis  of  the  Bulgarian  national  legislation. 

The  data  show  that  the  maximal  values  of  power  density  measured  at  distances  up  to  50  cm  in  front  of  the  antennae 
reach  to  2.5  mW/cnr.  In  other  locations  of  the  worker:  behind,  aside  and  under  the  antenna,  measured  values  are 
logically  much  lower,  and  corresponding  to  the  exposure  limits  of  ICNIRP  Guidelines. 

Basing  on  the  results,  we  recommend  future  studies  in  this  fields  and  a  special  attention  to  this  personnel  because  of 
the  possible  risk  of  RF  overexposure 

We  propose  special  protective  measures  for  this  particular  work  group. 

INTRODUCTION 

There  are  a  lot  of  recent  publications  dealing  with  the  emission  of  mobile  communication  antennae  in  settlements 
affecting  the  population  health.  Unfortunately,  the  results  are  contradictory  and  more  evidences  are  needed  for  the 
possible  effect  of  electromagnetic  fields  (EMF)  at  frequency  900  MHz  and  1800  MHz  which  provokes  diseases  like 
cancer,  cardiovascular  disorders  and  other  health  consequences  among  the  population. 

Furthermore,  little  attention  was  paid  to  the  risk  of  RF  exposure  on  service  staff  of  base  stations  and  mobile 
communication  antennae  up  to  now.  There  is  evidence  that  despite  the  special  requirement  of  the  manufacturers  that 
service  operations  should  be  performed  when  antennae  are  switched  off,  the  personnel  frequently  works  when  the 
antennae  emit,  i.e.  without  interrupting  the  emission,  and  very  close  to  them.  Mild  (1)  reports  similar  practice  among 
the  service  staff  of  base  stations  and  antennae  in  Sweden. 

AIM  AND  SCOPE 

This  study  is  aimed  at  assessing  the  risk  of  the  microwave  EMF  radiation  for  the  service  staff  of  base  stations  and 
mobile  communication  antennae. 

For  this  purpose  typical  antennae  systems  were  investigated  on  routine  operations  of  the  personnel  which  they 
perform  close  proximity  and  around  antennae.  EMF  values  were  measured  and  exposure  assessment  is  made  for 
each  particular  operation.  Energetic  loading  of  the  organism  and  whole  body  SAR  were  calculated  as  well.  The 
scenario,  technological  operations  and  their  average  duration  were  presented  by  the  mobile  operator. 

The  object  of  investigation  is  personnel  working  on  base  stations  antennae  emitting  EMF  with  frequencies  about 
900  MHz,  and  UMTS  systems  with  2100  MHz. 

On  pictures  No.  1,  2  and  3  are  presented  various  technological  operations  in  the  close  proximity  of  a  single  antennae 
for  which  were  made  corresponding  measurements  and  evaluations. 
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Pic.  1 


Operation  aside  and  in  front  of 
emitting  antenna 


Pic.  3 

Operation  close  to  the  connectors 
(lower  edge) 


On  pictures  No.  4  and  5  are  presented  various  technological  operations  in  the  close  proximity  of  more  than  one 
antennae  (mounted  a  pole)  for  which  were  made  corresponding  measurements  and  evaluations. 


Pic.  4 

Operation  between  antennae 


Pic.  5 

Operation  close  to  lower  edges  of 
antennae 


This  study  does  not  deal  with  the  exposure  close  to  antennae,  mounted  on  telecommunication  masts. 

The  study  covers  temporary  workplaces  for  adjustment,  maintenance  and  repair  of  antennae,  mounted  on  base 
stations.  The  selected  sites  cover  all  possible  working  conditions,  under  which  the  respective  service  tasks  are 
performed  by  the  staff. 

EXPOSURE  ASSESSMENT 

The  evaluation  of  electromagnetic  effects  was  performed  at  two  stages: 

1.  Measurement  of  EMF  for  various  procedures  performed  by  the  personnel  and  evaluation  of  the  compliance  with 
the  respective  exposure  limits 
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2.  Evaluation  of  the  energetic  loading  (exposure  assessment)  for  various  processes,  activities  and  shifts  and  its 
compliance  with  the  respective  limit  values  of  Bulgarian  and  European  standards. 

3.  Calculation  of  Specific  Absorption  Rate,  SAR  W/kg. 

METHOD  AND  MATERIALS 
Measurement  equipment: 

Power  -  meter  ‘NARDA’,  model  EMR-21C  of  “NARDA  Safety  Test  Solutions’ 

The  evaluation  was  performed  according  to  national  [2,3],  and  international  standards.  [4,5] 


/ 

Pic.  6 


Measurement  equipment 

Table  1.  shows  the  limit  values  according  to  the  normative  documents  listed  above. 


Table  1 


Standard 

Power  density 

S,  uW/cm2 

Average  time 
t,h 

SAR 

W/kg 

Energetic  loading 

W,  uW.h/cm2 

ICNIRP 

900  MHz 

2250 

0.1 

0.4 

- 

1800  MHz 

4500 

0.1 

0.4 

- 

2100  MHz 

5000 

0.1 

0.4 

- 

BSS 17137-90 

900  MHz 

1000 

1 

- 

200 

1800  MHz 

1000 

1 

- 

200 

2100  MHz 

1000 

1 

- 

200 

MEASUREMENT  METHOD 

Measurements  were  made  in  wide  frequency  range  by  nonselective  method. 

All  measurements  were  made  in  few  selected  typical  sites.  Measuring  device  was  chosen  with  probe  sensitive  to 
electrical  component  of  EMF. 

To  avoid  human  influence  on  the  measurement  process  handle  and  optical  cable  connected  to  the  device.  Data  were 
collected  using  Narda  EMR-21C  software,  installed  on  laptop.  In  cases  when  the  height  of  antenna  mounting  allows 
performing  measurements  from  the  rooftop  level  the  equipment  was  mounted  on  tripod. 

Data  were  collected  considering  the  typical  work  positions  of  base  station  service  workers.  The  average  (averaged 
over  1.5  min)  and  maximum  power  densities  were  measured.  The  average  values  for  1.5  min  were  measured  in  order 
to  assess  the  compliance  with  the  international  guidelines  (ICNIRP),  which  require  determining  the  (measured) 
‘reference’  values  for  6-minute  period  (0.1  h).  This  facilitates  also  the  further  determination  of  the  energetic  loading 
performed  for  1  h.  It  was  calculated  with  respect  to  the  mean  time  for  performing  the  above-mentioned  work  tasks. 
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In  the  far  field  zone,  the  values  of  SAR  and  energetic  loading  coincide  for  external  exposure  to  radiation  of  a 
‘human  equivalent  antenna’  (receiving  antennae  equipment  corresponding  to  the  resonance  and  subresonance 
absorption  of  incident  energy  by  an  average  human  body  size). 

Energetic  loading  of  the  organism  was  calculated  considering  average  time  duration  for  performing  the  described 
above  operations. 


On  pictures  No.  7  to  11  are  shown  spots  where  measurements  were  performed  according  to  the  technological 
operations  of  the  personnel. 


Pic.  10  Pic.  11 


RESULTS  OF  MEASUREMENTS  AND  CALCULATIONS 

The  results  of  measurements  are  shown  according  to  the  tasks  performed  by  the  service  staff  of  mobile 
communication  antennae  and  base  stations.  The  measurement  points  correspond  to  the  location  of  the  subjects  at 
work  with  respect  to  the  antennae. 

In  Table  2  are  shown  the  measured  values  of  power  density,  calculated  values  of  energetic  loading  of  the  organism, 
permissible  time  duration  and  whole  body  SAR  values  as  well. 
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Table  2 


No 

Point  of 

measurement 
according  to 
working  position 

Measured  values 

Permissible 

time 

duration, 

Imax? 

Energetic  loading  of  the 
organism 

Operation 

duration 

SAR, 

VV/kg 

C 

^avg? 

pW/cm2 

C 

^max? 

pW/cm2 

^^avg? 

jj,W.h/cm2 

w,m„ 

pW.h/cm2 

1 

2 

3 

4 

6 

7 

8 

9 

10 

|  CDMA  antennae 

1 

Operation  on 
changing  the 
position  of  the 
antenna 

62.00 

180.00 

lh7min 

31.00 

90.00 

30min 

0.012 

2 

Single  Antennae 

2.1 

Operation  in  a 
close  proximity  of 
antennae 

2.1.1 

Operation  behind 
antennae 

12.00 

47.00 

4hl5min 

24.00 

94.00 

2h 

0.002 

2.1.2 

Operation  in  front 
of  antennae 

1240.00 

2500.00 

Not 

permissible 

2480.00 

5000.00 

2h 

0.242 

2.13 

Operation  close  to 
the  lower  edge  of 
antennae 

227.00 

403.00 

30min 

454.00 

806.00 

2h 

0.044 

2.2 

Operation  near 
emitting  antennae 
(distance  up 
to  2  m) 

390.00 

820.00 

15min 

780.00 

1640.00 

2h 

0.076 

23 

Operation  along 
the  feeder  line 

- 

6.40 

>8h 

- 

25.60 

4h 

0.001 

3 

Antennae  mounted 
on  a  pole  (wrist 
type) 

3.1 

Operation  in  a 
close  proximity  of 
more  than  one 

antenna 

3.1.1 

Operation  in  the 
area  among 
antennae,  on  a  pole 

20.10 

27.60 

7hl5min 

120.60 

165.60 

6h 

0.004 

3.1.2 

Operation  between 
side  edges  of 
antennae 

39.30 

73.10 

2h44min 

235.80 

438.60 

6h 

0.007 

3.13 

Operation  close  to 
the  lower  edge  of 
antennae 

235.60 

620.90 

19min 

1413.60 

3725.40 

6h 

0.046 

3.1.4 

Operation  on  new 
near  emitting 
antennae 

331.00 

1223.00 

Not 

permissible 

1986.00 

7338.00 

6h 

0.064 
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1 

2 

3 

4 

6 

7 

8 

9 

10 

UMTS  antennae 

2 

Single  Antennae 

2.1 

Operation  in  a 
close  proximity  of 
antennae 

2.1.1 

Operation  behind 
antennae 

45.00 

86.50 

Not 

permissible 

888.00 

2694.00 

2h 

0.006 

2.1.2 

Operation  in  front 
of  antennae 

444.00 

1347.00 

2hl9min 

90.00 

173.00 

2h 

0.062 

2.13 

Operation  close  to 
the  lower  edge  of 
antennae 

29.00 

60.00 

3h20min 

58.00 

120.00 

2h 

0..004 

2.2 

Operation  on  new 
near  emitting 
antennae 

72.80 

117.30 

lh42min 

145.60 

234.60 

2h 

0.010 

23 

Operation  along 
the  feeder  line 

- 

4.30 

>8h 

- 

17.20 

4h 

0.001 

ANALYSIS  OF  RESULTS  AND  CONCLUSIONS 

The  average  and  maximum  power  density  S  measured  at  the  temporary  workplaces  for  adjustment,  maintenance  and 
repair  works  exceed  the  limit  values  of  both  Bulgarian  and  European  standards.  The  same  is  true  for  all  works 
performed  close  to  antennae  at  a  distance  up  to  1  m  during  radiation.  Even  for  short-duration  tasks  (for  up  to  2  h)  the 
EMF  values  exceed  the  limits.  When  they  are  below  them,  the  calculated  energetic  loading  is  above  the  limit. 

The  energetic  loading  is  within  the  permissible  limits  only  during  works  done  behind  the  antennae  or  along  the 
antenna-feeder  lines. 

Nevertheless  high  measured  values  of  power  density  and  calculated  values  of  energetic  loading  of  the  organism 
calculated  whole  body  SAR  values  correspond  to  the  ICNIRP  guidelines  basic  restriction  for  occupational  exposure. 
Our  legislation  is  stringent  and  in  some  operations  forbids  stay  in  such  conditions.  Although  compliance  of  SAR 
values  to  the  guidelines  we  consider  that  the  personnel  exposure  especially  on  particular  operations  is 
significant. Therefore  employers  should  take  the  following  measures  in  order  to  protect  the  workers’  health: 

technological  operations  in  the  close  proximity  of  antennae  should  be  performed  after  switching  off  emitters; 
use  of  personal  protective  equipment  (clothes,  glasses,  etc.)  when  it  is  not  possible  to  switch  antennae  off, 
when  protective  equipment  is  not  used,  combinations  of  technological  operations  should  be  made  respecting  the 
following  limitation  of  the  exposure: 

sw.  1 

— L<1, 

where  Wi  is  the  total  energetic  loading  of  the  organism  resulting  from  the  “i”  -  technological  operation; 

Wlim  is  the  maximum  permissible  energetic  loading  of  the  body  according  to  the  national  standards. 

Others  not  less  important  recommendations  for  the  operators’  safety  work  are  the  followings: 
permissible  time  duration  specified  in  Bulgarian  regulations  should  be  kept; 
workers  should  use  personal  dosimeters,  which  provide  data  about  the  cumulated  dose; 
periodical  training  of  the  staff  about  the  risks  of  EMF  and  protection; 

In  conclusion,  a  high  risk  for  EMF  exposure  is  found  for  workers  mounting  and  maintaining  base  stations  for 
mobile  communication.  Hence,  measures  should  be  taken  to  improve  the  working  conditions  with  respect  to  EMF 
by  decreasing  radiation,  carrying  administrative  and  organizational  measures,  ensuring  continuous  monitoring  and 
personal  protection.  The  energetic  loading  should  be  regularly  assessed,  while  the  field  should  be  currently 
monitored  by  personal  dosimeters.  Periodical  medical  check-ups  done  by  neurologist,  cardiologist,  therapist  and 
ophthalmologist  should  be  included  into  the  prophylaxis  program.  Last  but  not  least,  the  qualification  of  the  staff  in 
standards,  biological  effect,  methods  of  measurement  and  protection  against  microwave  fields  should  be  currently 
maintained.  Special  attention  should  be  paid  to  workers  with  active  implants. 
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Abstract 

In  addition  to  bactericidal  effect  of  “noise”  electromagnetic  irradiation  (EMI)  of  extremely  high 
frequencies  [1-2],  the  coherent  EMI  of  such  frequency  (the  range  of  frequencies  from  45  to  53  GHz) 
or  millimeter  waves  (the  wavelength  of  5.6  to  6.7  mm),  with  low  intensity  (the  flux  capacity  of  0.06 
mW/sm2),  upon  direct  irradiation  (during  30  min  or  1  h),  affected  Escherichia  coli  K12,  wild-type, 
grown  under  anaerobic  conditions  with  fermentation  of  sugar  (glucose):  it  caused  a  decrease  in 
bacterial  growth  rate,  maximal  inhibitory  effect  was  achieved  at  the  frequency  of  51.8  or  53  GHz.  This 
effect  depended  on  medium  pH,  the  maximal  one  was  at  pH  7.5.  The  noticeable  changes  in  membrane 
proton  conductance,  membrane  potential,  proton  fluxes  through  the  membrane  of  whole  cells  and  total 
and  /V,/V’-dicyclohexylcarbodiimide  (DCCD)-inhibited  ATPase  activity  of  membrane  vesicles  were 
determined.  These  membranous  effects  might  be  accounted  in  action  of  EMI.  A  decrease  in  sensitivity 
to  reagents  (DCCD)  by  cells  was  also  determined.  Moreover,  EMI  had  mediated  effects  on  bacteria. 
Separate  irradiation  (the  frequency  of  51.8  and  53  GHz)  of  doubly  distilled  water  or  some  inorganic 
ions  containing  Tris-phosphate  buffer  (pH  7.5),  into  which  grown  cells  were  transferred,  during  30 
min  or  1  h,  had  changed  further  growth  of  these  bacteria  in  different,  opposite  directions;  irradiation  of 
water  only  caused  inhibitory  effect.  These  might  point  out  a  role  of  water  in  the  effects  of  EMI  of 
extremely  high  frequency  on  bacteria.  A  significant  action  disappeared  upon  repeated  irradiation  at  the 
frequency  of  51.8  and  53  GHz  during  1  h  and  with  interruption  for  2  h.  This  result  indicates  some 
compensatory  mechanisms  within  bacteria. 

The  keywords:  coherent  electromagnetic  radiation  of  extremely  high  frequency,  bacterial  growth, 
membranous  effects,  resonant  frequencies,  water. 

INTRODUCTION 

The  bacterial  effects  of  the  electromagnetic  irradiation  (EMI)  of  extremely  high  frequencies,  or  millimeter 
waves,  with  low  (low-energetic)  intensity  and  with  non-thermal  action,  are  of  interest  because  of  two  reasons,  at 
least.  First  of  all,  bacteria  and  other  cells  can  interact  with  each  other  through  EMI  (for  reviews,  see  [3-4]).  It  has 
been  shown,  for  instance,  that  bacteria  possess  the  ultrasonic  radiation  [5-7]  or  reemission  of  secondary  photons  in 
sub-millimeter  frequency  range  [8].  However  radiation  of  extremely  high  frequency  is  not  clearly  registered  in  spite 
of  the  fact  that  fine  methods  have  been  developed  and  enough  sensitive  instruments  have  been  already  constructed 
for  last  years  [9-10].  Secondly,  EMI  of  extremely  high  frequency  is  widely  used  in  telecommunication  technology 
and  therapeutic  practice  [2,  11]  although  low-orbital  systems  of  cosmic  communication  and  different  elements  of 
mobile  one,  and  in  addition,  low-energetic  devices  used  in  therapeutic  practice  radiate  EMI  of  this  frequency,  small 
and  very  small  doses  of  which  (low  flux  capacity  of  0.005  mW/sm2)  might  affect  cells. 

The  coherent  and  so  named  “noise”  (with  broadband  frequencies  and  accidentally  changing  phases)  EMI  of 
extremely  high  frequencies  with  low  intensity  have  been  shown  to  cause  different,  including  bactericidal  effects  on 
Escherichia  coli  and  the  other  bacteria  [10-14].  Such  effects  depend  on  phase  and  anaerobic  or  aerobic  conditions  of 
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the  bacterial  growth,  composition  of  growth  media,  genetic  features  and  peculiarities  of  the  metabolism  in  bacterial 
strains.  Together  with  these,  coherent  and  noise  EMI  of  extremely  high  frequencies  can  render  the  different  bacterial 
effects  depending  on  frequency  and  intensity  of  EMI,  duration  of  the  irradiation  and  the  other  parameters  [1-2], 
Moreover,  studies  on  repeated  and  mediated  action  of  noise  EMI  on  E  coli  [2]  have  allowed  expecting 
compensatory  mechanisms  and  role  of  other  factors. 

Among  cellular  mechanisms  of  bacterial  effects  of  EMI  of  extremely  high  frequencies,  the  membranous 
changes  connected  with  surface  characteristics  of  plasma  membrane,  ion  and  other  substances  transport  across  the 
membrane  and  energy-conversing  processes  [1-2,  12-13]  are  of  significance.  Action  of  EMI  of  extremely  high 
frequency  is  offered  also  on  structure  and  properties  of  water  [14-16]  leading,  for  instance,  to  increase  in  chemical 
activity  of  water  or  hydration  of  proteins  and  other  cellular  structures.  These  could  also  relate  to  modifications  of 
structure,  properties  and  function  of  membrane,  especially  membrane  proteins.  On  the  other  side,  conformational 
changes  in  bacterial  genome  or  DNA  are  also  suggested  [17].  Bactericidal  effect  might  be  determined  by  transition 
of  bacterial  pro-phages  from  lysogenic  to  lytic  state  [18-19], 

Finally,  effects  of  such  EMI  can  be  a  result  of  the  resonant  interaction,  when  in  case  with  E  coli  it  is  shown 
that,  regardless  of  intensities  of  EMI  of  extremely  high  frequency,  resonance  is  at  the  frequencies  of  41.5,  51.8  or 
70.6  GHz  [17-19];  other  resonant  frequencies  are  not  ruled  out.  However,  effects  of  EMI  on  these  and  other  bacteria 
and  cells  in  generally,  especially  primary  cellular  mechanisms  of  these  effects,  require  the  further  study. 

In  the  present  report  with  fermenting  E  coli,  grown  in  anaerobic  conditions,  it  is  shown  that  maximal 
inhibitory  effect  of  coherent  EMI  of  extremely  high  frequency  on  bacterial  growth  rate  was  observed  at  the 
frequencies  in  51.8  or  53  GHz.  The  changes  in  membrane  properties  and  functions  have  been  determined.  The 
certain  effects  might  be  mediated  by  the  other  factors  and  changed  by  repeated  irradiation. 

MATERIALS  AND  METHODS 

E  coli  K12,  wild  type  strain,  was  used  in  the  study. 

The  methods  for  bacterial  growth  in  peptone  medium  (0.2  %  peptone,  0.5  %  NaCl  and  0.2  %  K2HP04)  at 
slightly  alkaline  (pH  7.4)  or  the  other  (specified  in  text)  pH  in  anaerobic  conditions  upon  fermentation  of  sugar 
(glucose,  0.2  %)  [1,  20]  and  determination  of  bacterial  specific  growth  rate  (p)  [1,  21]  were  described  elsewhere. 
The  methods  for  preparation  of  whole  cells  for  assays  and  isolation  of  membrane  vesicles  [21-22],  for  determination 
of  membrane  proton  conductance  (GmH+)  [23],  membrane  potential  (AT)  [24]  and  energy-dependent  proton  efflux 
(Jh+)  [1,  23-24]  from  whole  cells  as  well  as  of  ATPase  activity  of  membrane  vesicles  [21-22],  and,  in  addition,  for 
data  processing  [25]  did  not  differ  from  widely  described. 

The  pH  of  growth  medium  and  assay  solutions  was  measured  by  using  a  fine  pH-potentiometer  with 
selective  (pH)  electrode  and  adjusted  by  means  of  HC1  and  NaOH,  although  pH  of  doubly  distilled  water  was  6.5 
and  did  not  changed  when  kept  during  2  days  at  4  °C  in  spite  of  its  less-buffering  capacity.  The  dry  weight  of 
bacteria  and  protein  were  determined  by  the  method  described  by  Trchounian  and  Vassilian  [21]  and  Lowry  et  al. 
[26],  correspondingly.  Bacterial  titer  was  calculated  by  counting  colonies  grown  on  solid  media  with  glucose  after 
plating  of  diluted  bacterial  suspension. 

The  irradiation  of  E  coli,  water  or  the  other  solution  was  produced  by  means  of  generator  G4-141  (radiating 
the  coherent  electromagnetic  waves  with  frequency  within  the  range  of  45  to  53  GHz,  wavelength  of  5.6  to  6.7  mm, 
correspondingly;  the  flux  capacity  was  of  0.6  mW/snr).  The  generator  was  assembled  in  the  Institute  of 
Radiophysics  and  Electronics  of  the  National  Academy  of  Sciences  of  Armenia  (Ashtarak  City).  For  the  others,  the 
conditions  of  the  irradiation  of  bacteria  were  similar  to  those  described  previously  [1],  After  direct  irradiation  of 
bacterial  suspension  (grown  cells  concentrated  by  centrifugation  in  water),  cells  were  immediately  transferred  into 
the  fresh  growth  (with  glucose,  0.2  %)  or  assay  medium. 

At  determination  of  the  mediated  influence  of  EMI  of  extremely  high  frequency  on  E  coli,  grown  cells 
were  transferred  into  the  distilled  water  or  buffer  (Tris-phosphate,  pH  7.4)  containing  0.4  mM  Mg.S04,  1  mM  KC1 
and  1  mM  NaCl,  and  then,  after  incubation  of  10  min,  growth  or  other  assays  were  carried  out  immediately.  Water 
or  buffer  was  irradiated  during  30  min  or  1  h  as  specified  in  text.  The  repeated  influence  of  EMI  of  extremely  high 
frequency  was  conducted  with  interruption  of  2  h. 

The  data  processed  to  be  statistical  with  determination  of  the  standard  error  and  of  the  Student’s  validity 
criteria  (p)  [26]. 


RESULTS  AND  DISCUSSION 

Inhibitory  effect  of  coherent  EMI  of  extremely  high  frequency  on  bacterial  growth 
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Bactericidal  effect  of  “noise”  EMI  with  frequencies  of  53.5  to  68  GHz  on  E  coli  was  installed  earlier  [1-2], 
If  such  effect  is  conditioned  resonant  interaction  of  EMI  of  extremely  high  frequency  with  bacteria,  the  range  of 
frequencies  of  “noise”  EMI  used  does  not  include  the  resonant  frequencies  in  41.5,  51.8  or  70.6  GHz  shown  for  E 
coli  [17-19];  the  other  resonant  frequencies  may  be  allowed.  Therefore  a  study  of  bacterial  effects  of  the  coherent 
EMI  with  resonance  frequency  in  51.8  GHz,  which  is  radiated  by  the  generator  used  (see  Materials  and  methods) 
was  done.  Together  with  this,  effects  of  EMI  of  extremely  high  frequency  hang  from  conditions  of  the  growing 
bacteria  [1-2,  11-13]  and  they  can  differ  in  anaerobic  conditions,  favorable  for  the  majority  of  pathogenic  and 
conditionally  pathogenic  bacteria,  therefore  studies  conducted  with  E  coli,  grown  in  anaerobic  conditions  under 
fermentation  of  sugar. 

Irradiation  of  E  coli  K12  by  coherent  EMI  with  the  coherent  frequency  of  45  to  53  GHz  during  30  min  (not 
shown)  or  1  h  (Fig.  1)  brings  a  gradual  decrease  in  the  specific  rate  of  bacterial  growth  for  the  frequency  of  49  GHz, 
moreover  maximal  inhibitory  effect  was  observed  at  the  frequency  of  51.8  or  53.0  GHz.  Such  result  complies  with 
those  the  frequency  of  51.8  GHz  is  resonant  for  E  coli  [17-19]  and,  on  the  other  side,  the  exposition  of  1  h  is 
effective  to  inhibit  bacterial  growth  [11].  The  resonances  in  which  proteins  and  other  macromolecules  can  be 
entered  probably  are  the  basis  of  membranous  and  the  other  mechanisms  of  the  action  on  bacteria  and  define 
bactericidal  effect  of  EMI  of  extremely  high  frequency. 


Fig.  1.  The  changes  in  the  growth  rate  of  E  coli 
K12  after  direct  irradiation  with  coherent  EMI 
of  extremely  high  frequency.  The  specific 
growth  rate  (p)  was  defined  as  0,693/time  of 
the  reduplication  to  absorbance  (OD)  in 
bacterial  suspension  (when  logarithm  of  OD 
linearly  increased  at  time)  [10-11];  in  checking 
control,  bacteria  without  irradiation.  For  the 
others,  see  Materials  and  methods.  The  average 
values  are  from  not  less  than  three  independent 
experiments  with  standard  errors. 

EMI  frequency 

Note  that  the  inhibitory  effect  of  coherent  EMI  of  extremely  high  frequency  on  bacterial  growth  depends  on 
duration  of  the  irradiation:  increase  in  time  of  the  direct  irradiation  from  30  min  to  1  h  at  the  frequency  of  51.8  or 
53.0  GHz  brings  about  reinforcement  of  the  effect  in  2.2-  or  1.6-fold,  respectively. 

A  dependence  of  the  action  of  EMI  of  extremely  high  frequency  on  E  coli  from  pH  is  of  interest:  under  pH 
6.0  and  8.0  in  contrast  with  pH  7.5,  inhibitory  effect  noticeably  decreased  (Tabl.  1.).  Since  the  specific  growth  rate 
practically  does  not  depend  on  medium  pH  in  noted  range  (not  shown),  the  change  in  this  rate  after  irradiation  can 
be  indicative  of  some  process  as  in  cells  themselves,  so  and  in  water  medium  with  determined  reaction  (pH),  in 
which  bacteria  grow.  Probably,  a  slightly  alkaline  medium  (pH  7. 3-7. 5)  is  chosen  not  accidentally  as  the  most 
optimal  for  growing  E  coli  (neutrophilic  bacteria)  [27]. 


Table  1.  The  specific  growth  rate  of  E.  coli  K12  irradiated  by  EMI  of  extremely  high  frequency  at  different  pH. 


PH' 

Growth  rate  (h"1) 
Control 

51.8  GHz 

53.0  GHz 

6.0 

0.86  ±0.05  (100%) 

0.63  ±0.03  (73.3  %)  (p<0.05)“ 

0.60  ±0.03  (69.8  %)  (p<0.05) 

7.5 

0.82  +0.03  (100  %) 

0.52  +  0.02  (34.7  %)  (p<0.01) 

0.34  ±  0.02  (26.7  %)  (p<0.002) 

8.0 

0.77  ±0.03  (100  %) 

0.70  ±0.05  (91.0%)  (p<0.05) 

0.50  ±  0.02  (64.9  %)  (p<0.05) 

irradiation  time  was  1  h,  for  the  other  conditions,  see  Materials  and  methods  and  the  legends  to  Fig.  1 . 
p  is  calculated  for  the  difference  between  the  values  in  checking  control  and  obtained  ones;  percentage  is 
determined  in  relation  to  checking  control  (100  %). 
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On  mechanisms  of  bacterial  effects  of  EMI 

Determination  of  some  properties  and  of  activity  of  some  key  membrane-associated  enzymes  having  a  key 
role  in  ion  and  the  other  substances  transport  and  energy  conversation  could  be  of  much  interest  to  reveal 
mechanisms  of  bacterial  effects  of  EMI.  The  marked  changes  in  GmH+  (Fig.  2A),  AT*  (Fig.  3)  and  energy-dependent 
proton  efflux  (Fig.  2B)  were  shown  followed  irradiation  of  E  coli  K12  by  EMI  with  the  resonant  frequency  of  51.8 
[17-19]  or  53  GHz.  It  is  possible  to  suggest  some  relationship  between  these  properties  of  the  membrane  since  the 
changes  in  the  values  of  GmH+  and  AT1  were  in  opposite  directions  and  moreover  JH+  decreased  upon  irradiation. 
Such  relationship  between  GmH+  and  AT1  has  been  proposed  by  Akopyan  et  al.  [23]  requiring  a  further  study.  These 
changes  in  the  properties  of  the  bacterial  membrane  might  be  of  significance  and  could  be  accounted  for  decrease  in 
bacterial  growth  rate. 


Control  51.8  GHz  53  GHz 


Fig.  2.  Changes  in  membrane  proton  conductance 
(GmH+,  A)  and  energy-dependent  proton  fluxes  (JH+,  B) 
of  of  E  coli  K12  after  direct  irradiation  with  coherent 
EMI  of  extremely  high  frequency.  The  irradiation  time 
was  1  h,  the  frequency  was  shown.  GmH+  was 
determined  by  an  acid-pulse  technique  used  before 
[23].  Energy-dependent  ion  fluxes  were  determined  by 
using  selective  (pH)  electrode  upon  glucose  (22  mM) 
adding;  the  values  represented  are  for  bacterial  count 
of  10 12  cells  [23-24],  For  the  others,  see  Materials  and 
methods  and  the  legends  to  Fig.  1. 


Furthermore,  total  and  DCCD-sensitive  ATPase  activity  was  inhibited  significantly  by  irradiation  with 
coherent  EMI  of  the  frequency  of  5 1.8  or  53  GHz  although  ATPase  activity  in  the  presence  of  DCCD  (0. 1  mM)  has 
no  changes  or,  in  opposite,  is  increased  a  little  (Fig.  4).  Taken  into  consideration  the  fact  that  DCCD  is  inhibiting  the 
FoFrATPase  in  E.  coli  under  fermentation  [28],  the  results  obtained  indicate  that  this  ATPase  may  be  a  target  for 
action  of  EMI  of  extremely  high  frequency. 


Fig.  3.  E.  coli  K12  membrane  potential  (A*P)  values 
after  irradiation  with  coherent  EMI  of  extremely 
high  frequency.  The  irradiation  time  was  1  h.  AT1 
was  calculated  from  distribution  of  tetraphenyl- 
phosphonium  cation  (initial  external  concentration 
of  1  pM)  between  the  cytoplasm  and  the  external 
medium  determined  with  appropriate  selective 
electrode  [24],  For  the  others,  see  the  legends  to  Fig. 
1. 
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In  addition,  it  should  be  noted  that,  in  the  K+-less  assay  medium  (concomitant  K+  was  of  0.02  mM  [21]), 
total  ATPase  activity  was  of  lower  values  close  to  those  in  the  presence  of  DCCD  (see  Fig.  4)  having  no  any  marked 
changes  by  irradiation  with  the  frequency  used  (not  shown).  This  is  of  importance  since  K+-sensitive  and  DCCD- 
inhibited  ATPase  activity  in  E.  coli  has  been  shown  clearly  be  the  FoFrATPase  activity  that  is  associated  with  K+ 
uptake  TrkA  system  [21,  29-30].  Therefore,  EMI  of  extremely  high  frequency  affected  K+-sensitive  and  DCCD- 
inhibited  ATPase  activity  suggesting  that  the  F„Fr  ATPase  could  be  a  target  for  EMI. 

Moreover,  inhibitory  effect  of  DCCD  (in  different  concentrations  of  0.1  to  1  mM)  on  JH+  markedly 
decreased  after  irradiation  with  EMI  at  the  frequency  of  51.8  or  53  GHz  (Fig.  5)  in  sprite  of  different  proton  fluxes 
(comp,  with  Fig.  2B)  suggesting  that  sensitivity  of  bacteria  to  inhibitors  (DCCD)  may  be  also  affected  by  irradiation 
with  coherent  EMI  of  extremely  high  frequency.  Such  an  effect  was  determined  with  “noise”  EMI  before  [1].  A  less 
sensitivity  to  DCCD  could  result  from  conformational  changes  in  subunits  of  the  FoFr ATPase  [31]  having  a  key 
role  in  effects  of  EMI  on  bacteria.  This  seems  to  be  in  accordance  with  results  reported  by  Bulgakova  et  al.  [13]  that 
EMI  of  extremely  high  frequency  with  non-thermal  intensity  could  change  the  sensitivity  of  Staphylococcus  to 
various  antibiotics  having  membranotropic  properties.  The  irradiation  (during  up  to  1  h)  is  of  importance  can  result 
in  opposite  changes  inhibiting  and  stimulating  bacterial  growth  [13],  In  all  cases,  these  results  might  be  extrapolated 
to  different  reagents  and  drugs  and  should  be  accounted  in  therapeutic  practice.  Moreover,  this  would  lead  to  further 
study  to  reveal  primary  cellular  mechanisms  for  bacterial  effects  of  EMI  of  extremely  high  frequency. 


Fig.  4.  The  ATPase  activity  of  membrane  vesicles 
isolated  from  E.  coli  K12  after  irradiation  with 
coherent  EMI  of  extremely  high  frequency.  The 
irradiation  time  was  1  h.  ATPase  activity  was 
calculated  by  colorimetric  determination  of 
liberation  of  inorganic  phosphate  (Pi)  per  time  and 
protein  [21-22]  upon  ATP  (3  mM)  adding.  DCCD 
was  added  in  final  concentration  of  0.05  mM  in 
parallel  assays.  For  the  others,  see  Materials  and 
methods  and  the  legends  to  Fig.  1. 


c 


■$  0.5 


<  Control  51.8  GHz  53  GHz 


Fig.  5.  The  changes  in  inhibitory  effect  of 
DCCD  on  JH+  from  E.  coli  K12  after  direct 
irradiation  with  coherent  EMI  of  extremely 
high  frequency.  The  irradiation  time  was  1 
h,  for  the  others  see  Materials  and  methods 
and  the  legends  to  Fig.  1 . 


Mediated  action  of  EMI  on  bacteria 

The  action  of  EMI  of  extremely  high  frequency  on  bacteria  studied  under  separate  irradiation  of  water  or 
buffers  containing  different  ions  (see  Materials  and  methods),  in  which  bacteria  are  kept  under  assays  [2,  12], 
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Table  2.  Mediated  action  of  EMI  of  extremely  high  frequency  on  the  following  growth  rate  of  E.  coli  K12. 


Conditions 

Growth  rate  (h*1) 
Control 

51.8  GHz 

53.0  GHz 

Doubly  distilled 
water 

Assay  medium 

0.82  +  0.03  (100  %) 
0.78  ±0.03  (100  %) 

0.52  +  0.02  (63.4  %)  (p<0.01)** 
1.22  ±0.05  (156.4  %)  (p<0.01) 

0.34  ±0.02  (41.5  %)  (p<0.002) 

1.41  ±0.08  (180.8  %)  (p<0.01) 

irradiation  time  was  1  h,  for  the  other  conditions,  see  Materials  and  methods  and  the  legends  to  Fig.  1 . 
see  the  legends  to  Table  1. 


When  irradiation  by  the  duration  of  30  min  (not  shown)  or  1  h  (Table  1)  and  with  the  frequency  of  51.8  or 
53.0  GHz  was  subjected  to  water,  the  specific  growth  rate  for  E  coli  K12  (after  premises  in  such  water  during  10 
min  and  then  their  moving  into  growth  medium  with  glucose,  see  Materials  and  methods)  decreased  on  more  than 
35  %  in  comparison  with  control  (Tabl.  2.).  But  this  mediated  action  was  with  less  effects  than  direct  irradiation  of 
bacteria  in  the  water  (comp,  with  Fig.  1  and  Tabl.  1).  When  irradiation  was  subjected  to  the  buffer,  the  growth  rate, 
on  the  contrary,  increased  on  more  than  56  %  (Tabl.  2).  Evidently,  cells  may  be  affected  by  Tris 
(hydroximethilaminomethane)  or  the  other  buffer  components,  but  data  are  very  poor  [2,  32], 

Note  that  water  has  acidic  reaction  and  transferring  cells  from  slightly  acidic  medium  or  slightly  alkaline 
medium  could  affect  growing  bacteria.  In  addition,  osmotic  shock  should  be  also  taken  into  consideration,  since 
cells  are  transferring  into  the  medium  with  greater  osmolarity.  However,  such  procedures  were  shown  before  do  not 
affect  growing  E  coli  [33], 

Thereby,  mediated  action  of  coherent  EMI  of  extremely  high  frequency  on  E  coli  might  be  of  different 
nature.  This  was  observed  earlier  with  “noise”  EMI  depending  on  bacterial  growth  phases  and  other  factors  [2],  The 
results  point  out  a  role  of  water  and  medium  composition  in  effects  of  EMI  of  extremely  high  frequency  on  bacteria. 

Repeated  action  of  EMI  on  bacteria 

If  bacteria  have  any  compensatory  mechanisms  [2],  then  these  mechanisms  possibly  become  to  be 
important  under  the  repeated  irradiation  with  coherent  or  “noise”  EMI  of  extremely  high  frequency.  Indeed,  the 
repeated  action  of  coherent  EMI  with  the  frequencies  in  51.8  or  53.0  GHz  on  E  coli  K12  (irradiation  during  1  h  with 
interruption  of  2  h,  in  checking  control  repeated  irradiation  was  absent  but  bacteria  were  kept  with  the  same  time) 
reduced  considerably  an  inhibitory  effect  (in  1.7-  or  1.9-fold  for  the  frequency  of  51.8  or  53.0  GHz, 
correspondingly;  p<0.01). 

Certainly,  compensatory  mechanisms  in  bacteria  have  not  studied,  although  miscellaneous  defensive 
proteins  like  those  discovered  in  animal  cells  [34]  might  play  a  role. 

Thereby,  the  results  obtained  are  indicative  of  negative  action  of  coherent  EMI  of  extremely  high  frequency 
on  bacteria,  when  maximal  effect  is  observed  at  the  frequency  in  51.8  and  53.0  GHz.  The  frequency  of  51.8  GHz  in 
studied  range  of  EMI  (see  Materials  and  methods)  is  probably  a  resonant  frequency  causing  maximal  effect. 

Concluding  remarks 

The  study  done  defines  the  bacterial  effects  of  coherent  EMI  of  extremely  high  frequency  with  low 
intensity  causing  changes  in  E.  coli  growth  and  points  out  some  membranous  aspects  of  the  mechanisms  of  such  an 
action.  The  effects  of  coherent  EMI  of  the  frequency  of  51.8  or  53.0  GHz  on  bacterial  growth  rate  and  some 
properties  of  the  bacterial  membrane  (see  Results  and  discussion)  should  be  noted  to  be  much  stronger  than 
appropriate  effects  of  “noise”  EMI  of  extremely  high  frequency  reported  [1-2], 

Bacterial  effects  of  “noise”  and  coherent  EMI  of  extremely  high  frequency  with  low  intensity  shown  in  the 
present  paper  and  by  different  groups  [1-6,  10-13,  17-19]  are  of  significance  to  understand  distinguishing  role  of 
bacteria  in  biosphere  nowadays  leading  to  changed  metabolic  pathways  and,  for  instance,  to  antibiotics  resistance 
(for  review,  see  [35]). 

The  present  results  are  principal  to  the  further  study  of  mechanisms  of  biological  effects  of  EMI,  on  the  one 
hand,  and  in  the  same  time,  for  determination  of  the  allowed  doses  of  the  long  irradiation  of  the  persons  and  the 
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other  organisms  by  means  of  EMI  of  extremely  high  frequency  to  manage  appropriate  preventive  ways.  Moreover,  it 
should  be  necessary  to  improve  using  EMI  of  extremely  high  frequency  in  therapeutic  purpose,  when  repeated 
action  can  turn  out  to  be  inefficient.  It  is  also  possible  to  use  EMI  for  product  protection  from  bacteria.  In  addition, 
the  results  are  important  for  construction  of  new  generators  of  EMI  of  extremely  high  frequency  and  facilities  for 
telecommunications. 

The  authors  thank  L.  Amtyunyan  and  K.  Akopyan  for  help  in  undertaking  some  experiments.  This  study 
was  done  within  the  framework  supported  by  Ministry  of  Education  and  Science  of  the  Republic  Armenia  (Grant  # 
54). 
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Abstract 

This  paper  proposes  and  provides  substantiation  for  a  hypothesis  concerning  the  mechanism  by  which 
solar  and  geomagnetic  activity  (mainly  of  solar  flares  and  magnetic  storms)  affects  the  biosphere,  including 
man.  The  hypothesis,  including  a  physical  mechanism  introduced  by  the  author  and  new  for  aeronomy,  is  that 
high-lying  (Rydberg)  states  of  all  gases  of  the  earth’s  upper  atmosphere  are  excited  by  ionospheric  electrons. 
Rydberg  atoms,  molecules  and  ions  of  all  atmospheric  gases  emit  characteristic  radio  emission  in  the  spectral 
range  from  decimeters  to  millimeters.  This  radiation  can  easily  penetrate  to  low  atmosphere  and  biosphere 
carrying  complete  information  about  power  and  duration  of  solar  flare  and  geomagnetic  storms  to  biosphere. 
The  microwave  radioemission  have  the  resonances  at  the  spectral  range  109  4-  1012  Hz  at  the  biological  cells  and 
membranes,  DNA  and  RNA,  molecules  of  hemoglobin,  human  erythrocytes,  and  this  fact  can  explain  the 
extremely  small  threshold  for  influence  of  ionospheric  radioemission  at  the  monochromatic  (characteristic) 
Rydberg  transitions  on  biological  objects,  including  the  viscosity  of  blood. 

The  energy  estimates  of  the  flux  intensity  of  microwave  radiation  of  the  ionosphere  from  Rydberg  states 
are  used  to  prove  for  the  first  time  that  the  values  of  this  flux  agree  with  the  experimental  data.  A  method  is 
proposed  for  distinguishing  the  contributions  of  microwave  radiation  and  magnetic  perturbation  in  the 
geobiocorrelations,  taking  into  account  the  effect  that  the  magnetic -field  variations  are  not  in  phase  with  the  flux 
of  corpuscles  from  the  radiation  belts  in  the  ionosphere  during  the  period  of  a  geomagnetic  storm. 

There  are  several  problems  in  ionospheric  and  atmospheric  physics,  biophysics  and  medicine  concerning 
the  investigations  of  Rydberg  excitation  role: 

-  determination  of  the  real  spectral  distributions  for  Rydberg  ionospheric  emission  at  all  transparency 
windows; 

-  determination  of  the  perception  threshold  for  the  characteristic  sharp-resonance  microwave  Rydberg 
emission  for  healthy  and  sick  persons; 

-  modelling  investigations  of  negative  influence  of  cell  telephone.  The  sporadic  increase  for  the 
microwave  ionospheric  Rydberg  radioemissions  during  power  solar  flares  and  principal  magnetic  storms  will  be 
taken  into  account  for  consideration  of  the  stochastic  resonance. 

Introduction 

One  of  the  fundamental  problems  of  modern  natural  science  is  the  search  for  biophysical  mechanisms  by 
which  solar  and  geomagnetic  activity,  and  especially  solar  flares  and  magnetic  storms,  affect  people  and  the 
biosphere  as  a  whole.  The  accumulated  experimental  material  is  mainly  evidence,  at  least  in  indirect  form,  of  the 
presence  of  heliogeobiocorrelations.  It  is  obvious  that  such  correlations  are  very  complex  because  of  their 
multifactorial  nature.  At  the  same  time,  they  indicate  that  there  is  some  physical  mechanism  responsible  for  the 
transport  of  the  energy  given  off  into  the  thickness  of  the  lower  atmosphere  and  biosphere  when  the  solar  and 
geomagnetic  activity  increases.  In  fact,  the  main  energy  flows  that  vary  when  there  are  variations  of  the  solar 
and  geomagnetic  activity  do  not  reach  the  lower  atmosphere  but  are  completely  absorbed  in  the  earth’s  upper 
and  middle  atmosphere  (above  20  km).  The  chief  variations  in  the  electromagnetic  radiation  flux  from  the  sun 
actually  occur  in  the  region  of  far-  and  extreme-UV  radiation  and  soft  x  rays,  which  is  completely  absorbed  in 
the  upper  atmosphere.  It  is  well  known  that  the  radiation  flux  which  ionizes  the  earth’s  upper  atmosphere  in  the 
range  from  soft  x  rays  to  the  vacuum  UV  (with  wavelengths  from  0.1  to  134  nm)  increases  most  strongly  (by  a 
factor  of  several  thousand  and  sometimes  by  tens  of  thousands)  in  the  periods  of  solar  flares.  The  energy  of  this 
flux  is  6-7  orders  of  magnitude  higher  than  that  of  solar  rf  radiation  in  the  periods  of  strong  flares. 

Corpuscular  solar  radiation  (the  solar  wind,  energetic  solar  protons  and  electrons)  also  do  not  penetrate 
into  the  lower  atmosphere.  When  the  geomagnetic  activity  increases — magnetic  storms  and  substorms,  there  is  a 
sporadic  precipitation  of  electrons  and  protons  from  the  earth’s  radiation  belts  into  the  ionosphere,  but  these 
flows  also  completely  dissipate  at  higher  altitudes  (above  40  km). 

The  fluxes  of  charged  particles,  mainly  electrons,  as  well  as  protons,  that  precipitate  into  the  earth’s 
upper  atmosphere  from  the  overlying  radiation  belts  also  increase  by  several  orders  of  magnitude  during  strong 
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magnetic  storms.  In  periods  of  solar  flares  and  during  magnetic  storms,  the  very  first  process  of  complete 
dissipation  of  the  energy  of  particle  fluxes  intruding  into  the  earth’s  upper  atmosphere  is  the  ionization  of  all  the 
atmospheric  gases  with  the  formation  of  photoelectrons,  secondary  electrons,  and  Auger  electrons. 

The  energetics  of  the  variations  during  the  period  of  geomagnetic  perturbations  of  the  geomagnetic  field 
itself  with  respect  to  the  mean  value  and  even  more  in  absolute  magnitudes  are  insignificant.  Therefore,  the  “kT 
problem”  in  magnetobiologic al  effects  1  is  continually  being  discussed  in  the  literature  [1]. 

In  this  connection,  there  is  interest  in  discussing  the  arguments  in  favor  of  the  hypothesis  of  [2,  3]  on  the 
importance  in  heliogeobiospheric  correlations  of  the  contribution  of  the  microwave  radiation  of  the  earth’s 
ionosphere,  detected  as  sporadic  rf  radiation  when  the  solar  and  geomagnetic  activity  increases  [4-6]. 

Microwave  Rydberg  radiation  of  the  ionosphere  as  a  factor  of  the  action  of  solar  and  geomagnetic 
perturbations  on  the  biosphere 

In  1994,  we  were  the  first  to  propose  [7]  that  the  fact  that  the  plasma  of  the  earth’s  upper  atmosphere 
(and  of  other  planetary  atmospheres)  unconditionally  contains  highly  excited  Rydberg  states  of  atoms, 
molecules,  and  their  ions  should  be  taken  into  account  in  aeronomy  and  ionospheric  physics..  Rydberg  states 
correspond  to  strong  excitation  of  a  valence  electron  that  had  been  in  orbit  with  high  principal  quantum  number 
;;>10.  In  practice,  this  is  a  state  of  an  atomic-molecular  particle  of  any  gas  of  the  upper  atmosphere  close  to  its 
ionization  potential.  The  corresponding  atomic  spectra  were  experimentally  studied  for  the  first  time  by  the 
Swedish  physicist  Johannes  Robert  Rydberg  (1854-  1919).  These  Rydberg  states  are  metastable  (long-lived), 
since  most  radiative  quantum  transitions  from  them  have  low  probability.  Transitions  from  the  Rydberg  states 
fill  virtually  the  entire  region  of  the  electromagnetic  spectrum  of  the  upper  atmospheric  emissions,  beginning 
from  the  extreme  UV  radiation.  According  to  the  selection  rules  for  electric  dipole  transitions,  the  allowed 
transitions  will  be  those  for  which  the  orbital-momentum  quantum  number  change  by  an  amount  Z=±l. 
Therefore,  because  of  the  high  values  of  n  and  hence  of  /  (/=«- 1  and  below),  transitions  from  high  /  can  occur 
only  between  adjacent  Rydberg  states  and  consequently  lie  in  the  rf  region  [8]. 

It  should  be  emphasized  that  there  has  been  no  monitoring  of  the  variations  of  the  absolute  magnitude  of 
the  fluxes  of  solar  ionizing  (soft  x  rays  and  EUV)  radiation  and  their  spectral  composition.  There  are  no 
experimental  data  on  the  spectra  or  increments  of  the  fluxes  in  the  periods  of  flares  on  the  sun  of  various  levels 
and  classes.  And  the  only  experiment  that  carries  out  the  tasks  involving  the  total  monitoring  of  solar 
shortwavelength  activity  is  the  Permanent  Space  Solar  Patrol  that  we  proposed.  This  experiment  includes 
measurements  in  the  entire  spectral  interval  with  the  spectral  resolution  needed  for  solar-terrestrial  physics  of 
about  1  nm  in  the  constant  regime  with  continuous  scanning  of  the  spectrum  every  72  sec,  which  is  close  to  the 
duration  of  subflares  and  to  the  pulse  phase  of  powerful  flares  [9,  10]. 

In  [2,  3,  7,  8]  for  the  physical  mechanism  of  the  generation  of  microwave  radiation  of  the  ionosphere, 
using  the  process  of  excitation  by  electron  impact  (by  ionospheric  photoelectrons,  auroral  and  secondary 
electrons,  and  also  Auger  electrons)  of  the  Rydberg  states  of  the  components  of  the  upper  atmosphere  and 
ionosphere.  Specific  emissions  from  Rydberg  levels  are  constantly  recorded  when  the  optical  radiation  of  the 
upper  atmosphere  is  observed  [11]  as  well  as  in  active  experiments  [12].  These  experiments  consisted  of  heating 
the  ionosphere  with  powerful  pulses  of  radio  waves  at  frequencies  of  4. 7-6. 8  MHz.  In  response,  the  ionosphere 
generated  microwave  decimeter  radiation  from  the  altitude  interval  from  185  to  240  km,  as  well  as  additional 
emission  of  the  red  lines  of  the  oxygen  atom.  The  analysis  given  in  [12]  of  various  ways  to  generate  the  detected 
microwave  radiation  includes  the  following:  scattering  of  the  earth’s  thermal  radiation  at  artificial 
inhomogeneities  of  the  electron  concentration,  bremsstrahlung  of  electrons  accelerated  by  high-frequency 
plasma  turbulence  to  energies  of  the  order  of  10-15  eV,  and  transitions  of  the  electrons  between  high  Rydberg 
levels  of  the  molecules  of  the  neutral  components  of  the  ionospheric  plasma  excited  when  they  collide  with 
accelerated  electrons,  showed  that  the  last  of  the  three  enumerated  mechanisms  is  the  most  probable.  It  was  also 
emphasized  in  [12]  that  the  region  of  artificial  generation  of  microwave  radiation  coincides  in  altitude  (about 
200  km)  with  the  position  of  the  maxima  of  the  altitude  profiles  of  the  excitation  rates  of  the  Rydberg  states, 
calculated  in  [8]  for  the  ionosphere  under  natural  conditions.  Thus,  [12]  is  the  first  experimental  proof  of  the 
excitation  mechanism  of  Rydberg  levels  by  energetic  ionospheric  electrons  proposed  in  [8]. 

In  this  investigation  the  results  of  calibration  for  excitation  rates  of  Rydberg  states  at  the  altitudes  of  95 
to  360  km  are  presented.  The  main  process  of  this  excitation  at  ionosphere  is  electron  impact,  by  photoelectrons 
at  the  low  and  middle  latitudes  and  by  precipitating  from  magnitosphereelectron  at  auroral  zones.  In  the  upper 
atmosphere  and  ionosphere  there  are  three  types  of  electrons  with  energies  up  to  several  tens  and  hundreds  of 
electronvolts  for  which  the  Rydberg  excitation  cross  sections  are  maximal: 

•  photoelectrons,  which  arise  when  gases  are  ionized  by  the  sun’s  x  radiation  and  extreme  UV  radiation; 

•  secondary  electrons,  formed  during  ionization  by  corpuscles  (electrons  and  protons  from  the  radiation 
belts)  precipiteted  into  the  upper  atmosphere  during  geomagnetic  storms  and  substorms; 

•  Auger  electrons,  formed  both  during  photoionization  and  during  corpuscular  ionization. 
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The  Auger  effect  in  all  its  manifestations  in  the  ionospheres  of  the  planets  also  was  considered  for  the 
first  time  in  our  papers  [13].  All  these  ionization  electrons  in  their  flux  intensity  directly  track  any  variations  of 
the  solar  and  geomagnetic  activity  -  from  quiet  periods  to  the  strongest  solar  flares  and  geomagnetic  storms  and 
substorms.  The  Rydberg  rf  radiation  of  the  ionosphere  excited  by  these  electrons  accordingly  carries  full 
spatiotemporal  information  concerning  all  the  variations  of  the  ionizing  fluxes;  i.e.,  it  scans  all  forms  of 
heliogeophysical  activity. 

The  excitation  rate  increases  with  the  growth  of  geomagnetic  and  solar  activities  in  particular  during  the 
solar  flares  (up  to  10  times  and  more)  and  during  the  principal  magnetic  storms  (up  to  100  times  and  more). 
Unlike  the  auroral  zone,  where  the  excitation  rate  as  a  rule  shows  only  one  main  maximum  at  the  altitude  about 
100  km,  during  the  solar  flare  there  are  usually  two  maximuma.  The  first  maximum,  connected  with  EUV  solar 
radiation,  occurs  at  the  altitude  near  200  km  and  its  value  increases  during  a  flare  by  several  tens  per  cents.  The 
second  maximum  at  the  altitude  above  100  km  becomes  the  main  one  the  large  flare.  Its  increase  comes  up  to 
ten  times  and  resulted  from  the  X-ray  solar  radiation.  During  the  quiet  Sun  the  excitation  rate  of  sum  of  the 
Rydberg  states  exceeds  the  value  10  cm'V  for  atoms  and  molecules  of  oxygen  and  100  cm_3s_l  for  molecules 
of  nitrogen.  During  solar  flare  2B  the  integral  intensity  in  vertical  column  is  109  photons  cm-2  s-1.  It  is  important 
that  the  increase  of  excitation  rates  of  the  non-Rydberg  states  in  the  visual  and  UV  spectral  range  (for  example 
the  LBH  system  of  bands  of  nitrogen)  at  the  same  flare  is  smaller  by  factor  of  three.  The  centimeter 
radioemission  results  from  transition  with  changing  the  orbital  quantum  number  on  1,  for  example  in  atomic 
oxygen  at  n  =  10  -  20,  and  the  decimeter  radioemission  occurs  at  n  =  20  -  40,  if  n  is  constant.  If  An  >  1  and  n  > 
10,  there  are  the  millimeter  emissions  of  ionosphere.  In  the  experiments,  which  registrated  sporadic  ionospheric 
radioemission  in  the  range  from  3  cm  to  2  m  with  intensity  increase  of  several  times  during  solar  flares, 
particularly  when  there  were  sudden  ionospheric  disturbances  (SID),  associated  with  X-ray  flux  of  solar  flare  [5, 
6,  14-17], 

It  should  thus  be  assumed  that  a  direct  information  channel  from  the  lowest  layers  of  the  atmosphere  and 
the  biosphere  itself  concerning  variations  of  the  solar  and  geomagnetic  activity  has  been  determined  [2,  3,  8]. 
For  the  biosphere  and  in  particular  for  the  human  organism,  this  information,  in  the  form  of  flux  variations  of 
the  microwave  radiation,  can  be  just  the  Agent  X  that  was  postulated  by  A.L.  Tchijevsky.  It  should  be 
emphasized  that  the  sun  itself  emits  in  the  rf  region,  but  this  radiation  does  not  directly  correlate  with  the  main 
flare  flux — the  flux  of  geoeffective  short-wavelength  (extreme  UV  and  x-ray)  radiation,  whose  energy  is  seven 
orders  of  magnitude  greater  than  the  solar  rf  flux.  The  main  thing,  however,  is  that  the  rf  radiation  of  the  sun  is 
not  monochromatic  and  consists  not  of  separate  lines  and  bands  but  has  a  continuous  spectrum. 

The  latter  circumstance  can  be  decisive  in  demonstrating  that  the  microwave  radiation  of  the  ionosphere 
is  biologically  effective.  In  fact,  numerous  experimental  and  theoretical  papers  on  studies  of  the  mechanisms  by 
which  millimeter  and  centimeter  radiation  acts  on  a  living  organism  emphasize  the  resonance  character  of  the 
response  of  biological  cells  and  erythrocytes  to  such  irradiation.  So,  there  are  several  works  about  the  theoretical 
and  experimental  resonance  of  living  systems:  biological  cell  at  the  /=  41.782-109  Hz  (X  =  7.2  mm)  and/  = 
83.564  109  Hz  (X  =  3.6  mm)  [20];  DNA-spirale  at  the/=  4  1010  Hz  (X  =  7.5  mm)  [21];  molecule  DNA  at  the/  = 
109  Hz  (X  =  3  dm)  [22],  molecule  RNA  at  th e/=  109  Hz  (X  =  3  dm)  [22],  cellular  membrane  at  th e/=  1010— 101 1 
Hz  (A,  =  3  cm  -  3  mm)  [22],  human  erythrocytes  at  the/=  1010  Hz  (A  =  3  cm)  [23],  It  is  very  important  that 
experimental  Af  less  than  10-3  +  10_4/[21].  Consequently,  not  only  cells  of  the  human  organism,  but  also  the 
blood,  have  resonance  microwave  frequencies  at  which  the  Rydberg  ionosphere  excited  by  flares  and  magnetic 
storms  radiates.  The  explanation  of  how  flares  and  storms  act  on  cardiovascular  patients  follows  from  this.  Thus, 
the  influence  of  geomagnetic  perturbations  on  the  capillary  circulation  in  patients  of  ischemic  disease  of  the 
heart  [24]  on  the  day  of  a  magnetic  storm  and  the  influence  of  solar  flares  and  magnetic  storms  on  patients  with 
vascular  pathology  of  the  heart  and  brain  [25].  are  directly  explained  by  the  action  of  Rydberg  rf  radiations  on 
the  blood,  including  an  increase  of  the  viscosity  and  deformability  of  the  erythrocytes. 

The  influence  on  the  blood  of  a  hypothetical  signal  associated  with  solar  activity  and  manifested  in  the 
period  of  a  flare  on  the  sun  and  during  the  subsequent  geomagnetic  storm  (in  terms  of  the  statistics  of 
cardiovascular  diseases)  was  discussed  in  [26].  Of  course,  these  questions  were  discussed  earlier  by  A.  L. 
Tchijevsky.  He  proposed  in  this  case  that  Agent  X  is  (among  other  things)  “electric  vibrations  of  a  definite 
frequency”  [27].  and  later  that  the  agent  of  the  action  of  solar  activity  “is  in  particular  millimeter  radiation" 
[28].  Recently  Russian  scientists  [25]  have  discovered  that  the  reason  that  flares  on  the  Sun  and  following 
geomagnetic  storms  have  influence  the  cardiovascular  system  lies  in  the  change  to  the  physical  attributes  of  the 
blood.  During  solar  flares  changes  are  experienced  in  human  blood  viscosity,  red  corpuscle  proportion  in  the 
blood,  in  the  concentration  of  fibrinogen  and  the  aggregation  of  blood  corpuscles  and  platelets.  These  processes 
take  place  differently  in  healthy  and  meteo-dependent  people  with  cardiovascular  problems.  In  the  latter,  the 
blood  thickens  when  magnetic  disturbance  on  the  Sun  reach  the  Earth.  In  the  case  of  healthy  people,  the 
organism  prepares  for  the  event  two  days  before  its  advent,  immediately  after  a  solar  flare.  The  microwave 
radioemission  have  the  resonances  at  the  spectral  range  109  -  1012  Hz  at  the  biological  cells  and  membranes, 
DNA  and  RNA,  human  erythrocytes,  and  this  fact  can  explain  the  extremely  small  threshold  for  influence  of 


1317 


SERGEI  V.  AVAKYAN 


ionospheric  radioemission  at  the  monochromatic  (characteristic)  Rydberg  transitions  on  biological  objects.  We 
propose  the  next  scheme  of  the  heliogeobiocorrelations:  see  Fig.  During  of  high  solar  activity  specially  flares  at 
the  Sun  and  also  large  geomagnetic  activity  (magnetic  storms)  there  are  increased  fluxes  of  EUV  and  X-rays  and 
precipitating  particles  from  geomagnetosphere,  during  magnetic  storms,  which  generate  the  additional  ionization 
of  terrestrial  ionosphere.  This  ionization  results  in  production  of  photoelectrons  and  secondary  electrons  and 
especially  Auger  electrons.  Rydberg  excitation  of  atoms  and  molecules  by  these  electrons  generate  microwave 
monochromatic  radiation:  (mm,  cm,  dm),  which  can  produce  the  resonance  reaction  of  living  systems  [20-23] 
during  “unfavorable  days”  for  sick  people.  It  is  important  that  microwave  radiation  in  the  system  that  we 
proposed  is  capable  of  acting  as  the  carrier  frequency,  with  modulation  by  infrasound  and  internal  acoustic- 
gravity  waves  of  the  upper  atmosphere,  as  well  as  by  vibrations  of  the  background  electromagnetic  field  (Alfven 
and  Schuman  resonances  at  the  terrestrial  ionosphere),  including  in  the  region  of  biorhythms.  This  amplifies  the 
influence  of  low-frequency  vibrations  of  the  background  electromagnetic  field,  with  its  high  biological 
efficiency  but  low  energetics  of  its  action  [29].  especially  because  of  the  surprisingly  strong  action  on  biological 
objects  from  the  side  of  microwave  radiation  [1], 


Geomagnetic  activity  -  magnetic  storms 
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Fig.  Biological  effects  of  solar  activity  and  Rydberg  states. 

There  are  numerous  experimental  confirmations  that  microwave  radiation  has  a  biological  effect.  From 
the  aggregate  of  such  studies,  it  is  possible  to  expect  uniquely  low  levels  of  threshold  action,  all  the  way  to  1CT15 
W/cm2,  which  is  close  to  the  thresholds  of  perception  of  vision  and  hearing  [1],  There  are  a  number  of 
considerations  in  favor  of  the  reliability  of  such  anomalously  low  threshold  levels: 

•  Fixed  action  through  acupuncture  points  makes  it  possible  to  speak  of  the  possibility  of  reducing  the 
threshold  in  actual  laboratory  experiments. 

•  Low-frequency  modulation  of  microwave  radiation  (including  in  the  range  of  biorhythms)  can  reduce 
the  action  threshold  of  this  radiation. 

•  When  determining  spectral  resonances,  a  contribution  of  the  inaccuracy  of  the  resonance  is  possible 
when  laboratory  sources  of  microwaves  are  used. 

•  The  contribution  of  a  synergetic  effect  when  several  factors  are  combined  (for  example,  in  the  period  of 
a  geomagnetic  storm,  microwave  radiation  of  the  ionosphere  and  storm-induced  variations  of  the  geomagnetic 
field  become  active). 

•  The  appearance  of  a  synergetic  effect  from  the  reaction  to  an  external  stimulus  (for  example,  a  solar 
flare  or  magnetic  storm)  simultaneously  of  several  individuals  associating  with  each  other  in  this  case  and 
influencing  each  other  (including  via  biomagnetism  [30])  under  the  action  (in  the  case  under  discussion)  of 
sporadic  microwave  radiation  of  the  ionosphere. 

There  is  an  extremely  nontrivial  effect  for  the  case  of  a  geomagnetic  storm,  and  taking  this  into  account 
can  fundamentally  alter  the  technique  and  treatment  of  numerous  experiments  on  magnetobiology.  Actually, 
unlike  the  standard  understanding  of  the  changes  of  the  geomagnetic  field  during  a  storm  (with  a  maximum  at 
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the  center  of  the  main  phase),  the  precipitation  of  particles  from  the  radiation  belts  that  accompany  these 
changes  experience  sharp  attenuations  (to  the  recording  threshold  in  the  course  of  1 .5-3  h)  at  the  beginning  and 
end  of  the  main  phase.  Only  at  the  center  of  the  main  phase  at  middle  latitudes  in  2-4  h  do  they  actually  reach 
the  maximum  values  -  to  the  level  of  auroral  precipitations  [31,  32]. 

Thus,  the  mapping  of  a  biophysical  experiment  on  magnetobiology  to  the  values  of  the  generally  used 
indices  of  geomagnetic  activity  that  semi -quantitatively  describe  the  variation  of  the  earth’s  magnetic  field  ( Kp , 
Ap,  or  Dst),  as  it  is  usually  done,  does  not  perfectly  reflect  the  intensity  of  the  corpuscular  precipitation  into  the 
ionosphere  in  the  period  of  a  magnetic  storm  and  hence  does  not  correspond  to  the  intensity  level  of  sporadic 
microwave  radiation  of  the  ionosphere.  This  may  be  associated  with  the  appearance  of  null  results  when 
modelling  the  conditions  of  a  magnetic  storm  in  laboratory  experiments  on  biological  objects.  The  papers  [2,  3]. 
showed  that  it  is  the  microwave  radiation  of  the  ionosphere  that  must  play  the  main  role  in  the  biospheric  effect 
of  a  magnetic  storm.  This  is  confirmed  by  the  increase  of  the  probability  of  phenomena  detected  in  various 
statistical  studies  of  the  effects  of  a  magnetic  storm  in  medical  indices  among  people  [33-35]  concurrent  with 
the  period  of  the  storm  and  also  for  24-48  h  after  the  storm,  when  variations  in  the  geomagnetic  field  no  longer 
exist.  At  the  same  time,  the  experimental  fact  is  well  established  that  the  fluxes  of  corpuscles  that  pour  out  in 
just  this  time  period  increase  after  a  storm  ([32],  p.  290).  Incidentally,  it  is  noteworthy  in  a  number  of  such 
papers  on  the  statistics  of  medical  cases  that  the  maximum  of  the  effect  occurs  two  days  before  the  storm.  [33, 
35].  A  flare  occurs  on  the  sun  at  just  this  time  [2,  3,  32],  and  sporadic  microwave  radiation  of  the  ionosphere 
also  is  observed  [4-6,  14-17].  A  direct  correlation  has  been  recorded  [36]  with  solar  x-ray  flares  in  the  statistics 
of  medical  events. 

We  will  discuss  more  closely  at  the  energy  aspect  of  the  problem  of  how  the  sporadic  microwave 
(Rydberg)  radiation  of  the  ionosphere  affects  the  biosphere  and  the  lower  atmosphere.  Radiant  energy  from  the 
sun  with  a  flux  density  of  1367  W/m2  reaches  the  earth’s  surface,  and  about  10~2  W/m2  (all  of  the  solar  flux  of 
soft  x  rays  and  UV  radiation  with  a  wavelength  of  A<  1 34  nm,  including  the  La  line  of  the  hydrogen  atom)  is 
absorbed  in  the  ionosphere  under  quiet  heliogeophysical  conditions.  However,  the  ratio  of  the  value  of  absorbed 
energy  per  unit  mass  of  atmospheric  gas  is  substantially  different:  1CT3  W/g  in  the  ionosphere,  and  7  10~5  W/g  at 
the  bottom  of  the  troposphere.  Thus,  per  unit  mass  of  atmospheric  gas  or  per  one  atomic-molecular  particle  of 
this  gas,  an  order  of  magnitude  more  electromagnetic  energy  reaches  the  ionosphere  from  the  sun  than  reaches 
the  lower  layers  of  the  atmosphere.  This  ratio  is  still  greater  in  periods  of  solar  flares  and  geomagnetic  storms. 
The  greater  part  of  the  energy  of  the  solar  EUV  radiation  and  soft  x  rays  with  wavelength  /.<50  nm  (capable  of 
producing  energetic  photoelectrons)  generates  microwave  radiation  of  the  ionosphere  from  the  Rydberg  levels 
of  all  the  atmospheric  gases,  including  the  minor  components.  This  generation  is  supplemented  by  the  action  of 
fluxes  of  charged  particles  in  the  auroral  zone  under  virtually  any  conditions  of  heliogeophysical  activity.  The 
fluxes  of  short-wavelength  solar  radiation  double  (in  the  spectral  region  X<120  nm)  during  periods  of  flares  on 
the  sun,  and  the  fluxes  of  precipitated  electrons  increase  by  a  factor  of  100  or  more  during  geomagnetic  storms, 
not  only  at  high  but  at  middle  latitudes.  The  energy  of  the  electron  fluxes  precipitated  into  the  upper  atmosphere 
in  this  case  is  about  a  factor  of  50  greater  than  the  energy  of  the  ionizing  radiation  of  the  quiet  sun.  It  is 
important  that  the  energy  flux  of  the  microwave  radiation  of  the  ionosphere  completely  reaches  the  earth’s 
surface.  We  can  estimate  the  energy  flux  of  the  sporadic  microwave  radiation  of  the  ionosphere  recorded  in  [5]. 
It  is  important  that  the  radiation  signal  of  the  ionosphere  exceeded  the  intensity  of  the  rf  flux  from  the  quiet  sun 
by  a  factor  of  2-40  (at  a  wavelength  of  A,=50  cm),  where  the  latter  equals  (4-6)  10~21  W  cm-2  m_1  ([32],  p.  13). 
The  width  of  the  surge  reached  1  GHz.  The  flux  of  ionospheric  microwave  radiation  of  the  ionosphere  at  /.=5() 
cm  in  the  period  of  a  solar  flare  is  then  (according  to  the  data  of  the  measurements  of  [5])  (3-70)  IO-16  W  cm-2. 

This  is  orders  of  magnitude  greater  than  the  sensitivity  threshold  of  biological  objects  to  microwaves  [1] 
Thus  the  "Porog"  generator  [37]  for  medical  purposes,  which  works  efficiently  in  a  wide  range  of  microwaves 
from  superhigh  to  extremely  high  frequencies,  provides  a  spectral  power  density  level  of  IO-16  -  10“18  W  cm-2 
Hz-1,  i.e.,  an  even  smaller  value.  At  the  same  time,  a  further  decrease  of  the  output  power  of  devices  with  a 
monochromatic  signal  (we  recall  that,  according  to  [2,  3],  the  microwave  radiation  of  the  ionosphere  in  Rydberg 
transitions  has  indeed  a  monochromatic  character)  all  the  way  to  10  -  10  "  W,  and  noise  to  10  -  10  W 

cm-2  Hz  [1],  does  not  reduce  the  efficiency  of  the  treatment.  Moreover,  such  radical  reductions  of  the  output 
power  to  the  level  of  counted  quanta  even  increase  this  efficiency.  In  [37]  pointed  out  that  an  explanation  of  this 
effect  can  be  found  by  using  a  quantum-mechanical  approach.  When  the  energy  of  the  entire  spectrum  of 
sporadic  rf  radiation  of  the  ionosphere  is  taken  into  account,  the  threshold  value  for  biological  objects  (IO-16  - 
IO-17  W  cm-2  [1]  can  be  exceeded  even  by  a  factor  of  10-100.  The  ratio  of  the  energies  dissipated  in  the 
ionosphere  when  there  is  a  medium  solar  flare  and  during  a  geomagnetic  storm  shows  that  the  flux  of 
microwave  radiation  can  be  factor  of  10-100  greater  in  intensity  in  the  period  of  a  magnetic  storm.  In  this  case, 
the  radiation  in  the  centimeter  and  decimeter  ranges  can  now  exceed  10-11  -  IO-12  W  cm-2. On  the  other  hand,  a 
calculation  of  the  excitation  rates  of  the  Rydberg  states  of  the  oxygen  atom  [8]  gave  a  value  of  about  109 
particles  cm-2  sec-1  in  a  column  of  the  ionosphere  during  the  period  of  a  medium  class-2B  solar  flare.  Then,  for 
values  of  the  quantum  energy  in  the  centimeter  range  of  2  10-23  (for  /.=  1  cm)  -  2  IO-24  J  (for  A,=10  cm)  in  this 
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column  in  ten  allowed  transitions,  we  have  a  flux  density  of  microwave  radiation  of  2  10  13  -  2  10  14  W  cm  2. 
This  flux  density  is  the  lower  limit  for  transitions  with  A«=l  (only  for  A/=l),  i.e.,  those  of  the  type  n\  /’=«’- 1 
— ►  n’-l,  l’=n’—2,  where  n’=l 1-20  for  an  oxygen  atom.  This  value  increases  to  10-11  -  10-12  W  cm-2  during  a 
magnetic  storm.  Because  the  densities  of  oxygen  atoms  and  nitrogen  molecules  are  about  equal  at  an  altitude  of 
about  200  km,  where,  according  to  [8],  there  is  a  maximum  of  the  altitude  profiles  of  the  Rydberg  excitation 
rates,  and  recalling  the  identical  character  of  the  allowed  radiative  transitions  in  highly  excited  (hydrogen-like) 
atoms  and  diatomic  molecules,  it  should  be  expected  that  the  total  flux  of  sporadic  rf  radiation,  taking  into 
account  the  nitrogen  molecules,  is  approximately  doubled  [38], 

Our  energy  estimates,  without  claiming  to  be  complete,  show  that  the  experimentally  observed  sporadic 
rf  radiation  of  the  ionosphere  in  the  period  of  solar  flares  and  geomagnetic  storms  is  well  explained  by  the 
energetics  of  the  allowed  microwave  transitions  from  the  Rydberg  excited  states  of  the  main  gases  of  the  upper 
atmosphere  at  altitudes  of  about  200  km  -  the  oxygen  atom  and  the  nitrogen  molecule.  Thus,  the  resulting 
energies  of  the  microwave  radiation  flux  of  the  ionosphere  make  it  possible  to  regard  this  radiation  as  the  main 
agent  in  heliogeobiocorrelation  effects.  According  to  [2,  39],  the  microwave  radiation  itself  mainly  provides  the 
energy  component  of  the  effect,  and  its  modulation  by  low-frequency  oscillations  of  the  electromagnetic  and 
infrasound  geomagnetic  fields  provides  the  information  component.  Laboratory  experiments  in  which 
modulated  microwave  radiation  acts  on  biological  objects  show  that  it  is  substantially  stronger  than  microwaves 
with  constant  intensity.  The  effect  of  modulation  is  most  pronounced  at  lower  intensity  levels  of  the  microwave 
flux  and  also  depends  on  the  initial  state  of  the  biological  system. 

Conclusion 

Ways  of  experimentally  checking  the  possible  role  of  the  microwave  radiation  of  the  earth’s  ionosphere 
in  heliogeobiocorrelations  have  been  considered,  taking  into  account  the  variability  of  its  intensity  at  the 
different  phases  of  a  geomagnetic  storm.  Energy  estimates  are  presented  for  the  density  of  such  a  flux  during 
periods  of  a  moderate  solar  flare  and  a  magnetic  storm,  reaching  values  of  10-11  W  cm-2.  It  follows  from  what 
has  been  said  that  it  is  necessary  to  provide  constant  monitoring  of  the  intensity  and  spectrum  of  the  microwave 
radiation  of  the  earth’s  ionosphere,  not  only  in  terms  of  a  methodological  improvement  of  biophysical 
experiments  under  conditions  of  elevated  solar  and  especially  geomagnetic  activity  but  also  possibly  for 
recording  the  level  of  “unfavorability”  of  the  heliogeophysical  situation.  The  medical  and  biological 
mechanisms  of  this  problem  should  be  considered,  taking  into  account  the  phenomenon  of  stochastic  resonance 
[1],  where  the  background  microwave  radiation  of  the  ionosphere  (before  a  storm  and  a  flare)  plays  the  role  of 
the  noise  component.  The  same  phenomenon  can  be  significant  in  studies  of  the  influence  of  the  microwave 
frequencies  of  cellular  telephones  [38].  Here  the  role  of  the  noise  signal,  which  sharply  increases  in  the  period  of 
solar  flares  and  magnetic  storms,  will  be  played  by  the  ionospheric  microwave  radiation.  Since  it  is  very 
variable,  the  possible  resulting  medical  effect  from  cellular  telephones  and  ionospheric  sporadic  radiations 
significantly  varies  in  magnitude,  and  this  creates  indeterminacy  when  it  is  studied.  The  phenomenon  of 
dissipative  resonance  can  also  be  relevant  to  the  study  of  these  problems. 

There  are  also  other  problems  in  ionospheric  and  atmospheric  physics,  biophysics  and  medicine 
concerning  the  investigations  of  the  ionospheric  Rydberg  excitation  role: 

-  determination  of  the  real  spectral  distributions  for  Rydberg  ionospheric  emission  at  all  transparency 
windows; 

-  determination  of  the  perception  threshold  for  the  characteristic  sharp-resonance  microwave  Rydberg 
emission  for  healthy  and  sick  persons. 

These  problems  can  be  solved  at  several  Russian  institutes  by  support  of  the  International  Science  and 
Technology  Center  [9,  10,  39]. 
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Abstract 

Previous  our  works  have  shown  that  magnetized  physiological  solution  (MPS)  has  dual  effect  on  heart 
muscle  contractility:  from  one  hand  it  leads  to  muscle  relaxation,  from  the  other  hand-  it  stimulates  the  frequency 
of  heart  contractility.  If  the  first  effect  is  explained  by  the  activation  of  Na+/Ca2+  exchanger,  then  the  mechanism 
of  the  second  effect  is  still  unclear.  It  is  known  that  the  magnetization  of  aqua  solutions  leads  to  the  elevation  of 
the  concentration  of  hydrogen  peroxide  (H2O2)  and  the  later  is  suggested  as  one  of  the  possible  candidates 
through  which  the  biological  effect  of  MPS  is  realized.  The  purpose  of  our  work  was  to  check  this  hypothesis  for 
which  the  comparative  study  of  the  effects  of  MPS  and  H202  on  isolated  and  intra-cordially  perfused  snail  heart 
muscle  contractility  and  intracellular  messenger  contents  were  performed. 

It  was  shown  that  MPS  and  H202  have  the  following  synergic  effects:  it  depresses  the  Na+-K+  pump-induced 
relaxation,  intracellular  cAMP/cGMP  contents  and  45Ca-uptake  and  leads  to  cell  dehydration.  It  is  suggested  that 
the  H202-induced  activation  of  cyclic  nucleotide-dependent  Na+/Ca2+  exchanger  has  pivotal  role  in  MPS- 
induced  stimulation  of  heart  contractility;  however,  the  nature  of  this  mechanism  could  be  the  subject  for  future 
investigations. 


Introduction 

At  present  the  biological  effect  of  magnetized  physiological  solution  (MPS)  on  different  cells  and  organisms 
can  be  considered  as  proven  fact  (Klassen  1982;  Ayrapetyan  2006).  But  the  nature  of  the  messenger  transferring 
the  signal  of  EMF-induced  water  structural  changes  to  the  metabolic  cascade  is  not  clear  yet.  By  previous  our 
works  have  shown  that  MPS  has  dual  effect  on  heart  muscle  contractility:  from  one  hand  it  leads  to  muscle 
relaxation,  from  the  other  hand-  it  stimulates  the  frequency  of  heart  contractility.  If  the  relaxing  effect  of  MPS  on 
heart  muscle  could  be  explained  by  the  activation  of  cGMP-dependant  Ca  efflux  bringing  to  the  deflection  of 
intracellular  Ca  ions  and  reactivation  of  Na+-K+  pump  (Ayrapetyan  et  ah,  2005),  the  stimulatory  mechanism  of 
the  MPS  on  heart  beating  is  still  unclear.  As  the  water  molecule  dissociation  is  the  most  variable  water  property, 
it  is  suggested  that  the  magnetization  of  water  could  change  the  quantity  and  quality  of  its  dissociation  products 
which  are  potential  messengers  through  which  the  biological  effect  of  SMF  and  EMF  on  cells  could  be  realized 
(Ayrapetyan  et  al.  1994).  By  previous  our  study  was  shown  that  SMF  and  EFF  EMF  has  depressing  effect  on 
specific  electrical  conductivity  (SEC),  It  was  also  shown  that  the  depressing  effect  of  LF  EMF  on  water  SEC  as 
well  as  its  biological  effects  on  various  cells  are  most  pronounced  at  frequency  of  4  Hz  (Stepanian  et  al.  1999; 
Ayrapetyan  2006). 

Therefore,  it  is  suggesting  that  the  H202  could  serve  as  one  of  the  most  reliable  candidate  for  the  messenger 
transferring  EMF-induced  water  structure  changes  to  cell  metabolic  cascades  (Klassen  1982;  Bistolfi  1991).  For 
testing  this  hypothesis  the  comparative  study  of  the  effects  of  magnetized  and  H202  containing  physiological 
solution  (PS)  on  heart  muscle  contractility  and  45Ca  uptake  by  muscle  was  performed. 

The  isolated  and  intra  cordially  perfused  snail  heart  muscles,  which  is  able  to  contract  in  vitro  state  for  more 
than  24  hours  (Azatian  et  al.,  1998),  was  chosen  as  an  experimental  model  for  the  present  study. 


1323 


AYRAPETYAN  ET  AL 


Methods 

Removed  snail  (Helix  pomatia)  hearts  were  cannulated  and  suspended  in  bath  with  physiological  solution 
(PS)  for  snails  that  contains  (in  mM):  NaCl  (80),  KC1  (4),  CaC12  (7),  Tris-HCl  (5),  pH  7,5.  Continuously  intra- 
and  extra-heart  perfusion  with  PS  was  applied.  The  intra  cordial  pressure  was  controlled  by  keeping  the 
perfusion  solution  in  reservoirs  vessel  at  a  constant  level. 

The  transducer  was  fixed  to  the  bottom  of  the  heart  by  a  silk  suture.  To  monitor  the  heart  contraction  with 
the  electrical  signals  for  subsequent  recording  with  a  computer  a  special  setup  was  constructed,  which  is 
schematically  presented  in  Figure  1. 


Figure  1.  The  setup  for  the  registration  of  heart  muscle  contractility.  Heart  contractions  were  recorded 
isotonically  and  displayed  on  PC  through  Digidata  1322A. 

The  up  and  down  movements  of  the  baseline  of  records  showed  the  heart  contraction  and  relaxation, 
correspondingly.  Usually,  after  heart  isolation  from  the  snail,  its  cannulation  and  suspension  in  bath  with  normal 
PS,  its  contraction  stops  in  systole  phase  (which  can  be  detected  visually)  or  has  irregular  bursting  with  short 
amplitudes  of  contractions  which  sometimes  could  continue  1-2  hours,  and  then  it  is  gradually  relaxed  and  starts 
its  regular  contractions. 

The  PS  treatment  by  Static  Magnetic  Field  (SMF)  was  performed  by  the  method  described  earlier 
(Ayrapetyan  et  al.  1994a).  PS  in  a  20  ml  glass  chamber  (50x30x15  mm)  was  exposed  to  SMF  at  intensities  of  27 
mT  generated  by  a  strong  magnet  for  60  minutes.  The  magnetic  field  was  homogeneous  within  the  gap  in  the 
centre  of  the  magnet  (the  size  of  the  gap  varied  from  0  to  15  cm,  and  at  50  mT  the  field  varied  by  no  more  than 
5%  within  a  sphere  with  a  diameter  of  6  cm.  Thus,  the  size  of  the  vessel  was  small  relative  to  the  size  of  the 
homogeneous  region).  The  background  of  magnetic  field  in  the  area  of  experimental  setup  in  the  laboratory,  due 
to  the  60  Hz  electricity  system,  was  less  than  0.001  mT. 

The  magnetic  field  intensity  was  measured  with  a  Teslometer  Wl-8  (Armenian  Radiophysical  Institute). 
This  instrument  measured  magnetic  fields  in  the  range  10"3  to  1.6  T(+5%).  This  magnetic  induction  converter 
was  a  crystal  type  X51 1-1,  1.5  x  0,2  mm2  and  was  fixed  on  nonmagnetized  material  (PX13-1). 

The  sham  treatment  of  PS  was  performed  on  the  same  table  and  in  a  same  20  ml  glass  chamber  located  at 
same  geometric  place,  i.e.  the  sham  exposed  PS  was  in  the  same  environmental  medium  excluding  SMF  (the 
static  magnet  was  moved  away  from  the  exposure  table  for  ~10m).  The  both  sham  and  SMF  exposed  solutions 
were  taken  from  the  same  container  of  stock  solution,  which  was  preliminary  kept  in  water  bath  with  stable 
temperature  (21+0,5°  C)  during  no  less  than  one  hour.  The  temperature  of  the  heart  incubated  in  the  chamber  was 
continuously  recorded  by  needle -type  thermometer  having  sensitivity  of  +0,1  °C.  The  room  temperature  was 
22"C. 

In  physiological  experiments  only  the  reversible  effect  of  MPS-induced  changes  of  heart  contractility 
(frequency,  amplitudes  and  basic  line)  were  considered  as  a  reliable,  i.e.  when  after  replacing  the  MPS  by  sham 
exposed  solutions,  the  initial  activity  of  the  heart  muscle  was  restored.  For  each  individual  heart  muscle  the 
number  of  repetitions  of  such  protocol  was  varied  from  1  to  10  depending  on  the  duration  of  stabile  heart  muscle 
contractility  in  vitro ,  which  for  some  preparations  could  prolong  until  ~24  hours. 

The  stock  solution  ( 10’2  M)  of  H2C>2  was  prepared  each  day  by  diluting  3%  H202  by  physiological  solution 
and  protected  it  from  light  to  minimize  its  photo-degradation.  H202  was  added  to  the  intra-cordially  perfused 
solution  to  a  final  concentration  from  10’4  to  10"12  M.  All  the  experiments  were  carried  out  at  18  +  0.5°C. 
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45Ca  uptake  by  muscles  incubated  in  normal  and  magnetized  PS  was  measured  by  45Ca  isotope  having 
specific  activity:  0. 185-1. 85GBq/mg  Ca,  5-50mCi/mg  Ca  (Amersham  Life  Science  production).  Control  and 
experimental  groups  contained  per  10  hearts  each(total  n=.40)  Isolated  hearts  were  incubated  in  four  plastic 
tubes  with  control  and  magnetized  normal  or  K-free  solutions  containing  45Ca  isotopes  (0,45  mCi/ml).  Then 
hearts  were  washed  three  times  per  5min  with  cold  normal  or  K-free  PS  (where  4mM  KCI  was  replaced  by 
4mM  NaCl)  to  remove  isotope  from  the  extra  cellular  spaces.  Radioactivity  was  measured  using  a  liquid 
scintillation  spectrometer  (production  of  Packard  TRI-CARB  Canberra  Cambridge  Company)  and  calculated  as 
pM/mg  of  wet  weight. 

The  mean  value,  standard  deviations,  and  the  statistical  probability,  determined  by  Student  Test  were 
calculated  with  the  help  of  computer  program  Sigma  Plot  (Version  8.02A). 

Results 

For  estimating  the  role  of  H202  in  realization  of  biological  effect  of  MPS  on  heart  contractility  the  dose- 
dependent  effect  of  H202  on  heart  contractility  was  studied  in  normal  and  K+-free  solution.  As  seen  in  Figure  2A 
the  low  concentrations  (1012-  10’10  M)  of  H202  had  elevation  effect  on  amplitude  of  heart  contractility,  while  at 
higher  concentrations  (>10"7M)  this  amplitude  was  depressed. 

In  order  to  estimate  the  role  of  electrogenic  Na+-K+  pump  in  H202-induced  effect  on  heart  contractility, 
similar  experiments  were  repeated  in  K-free  solutions,  when  Na+-K+pump  is  in  inactive  state  (Figure  2B).  It  was 
known  that  K  ions  removal  from  extra  cellular  medium  led  to  the  inactivation  of  Na+-K+  pump,  and  the 
restoration  of  K  ions  in  the  medium  caused  the  reactivation  of  the  pump  leading  to  hyper  polarization  of  the  cell 
membrane  (Thomas,  1972). 
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Figure  2.  The  dose-dependent  effect  of  H202on 
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muscle  contractility  in  normal  (A)  and  K-free  (B)  PS. 


In  K-free  medium  the  sensitivity  of  heart  contractions  to  H202was  increased  compared  to  those  in  normal  PS 
(Figure  2A).  If  the  minimal  concentration  of  H202in  normal  PS  able  to  modulate  the  heart  contractility  is  10’12 
M,  in  K-free  solution  it  was  lO’13  M.  Previously  it  was  shown  that  Na+-K+pump  activation  leads  to  the  inhibition 
of  heart  beating  (Azatyan  et  ah,  1998).  At  the  same  time  it  was  shown  that  this  effect  disappeared  after  perfusion 
of  heart  muscle  by  MPS  (Ayrapetyan  et  ah,  2005).  In  order  to  find  out  whether  this  effect  is  due  to  the  H202 
formation  in  MPS,  the  dose-dependent  effect  of  H202-containing  K-free  PS  on  Na+-K+  pump-induced  transit 
inhibition  of  heart  beating  was  studied  (Figure  3  A). 
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Figure  3.  The  dose-dependent  effect  of  hydrogen  peroxide  in  K-free  solution  on  Na-K  pump-induced 
transient  inhibition  of  heart  muscle  beating. 

It  is  known  that  the  muscle  incubation  in  K-free  solution  leads  to  the  increase  of  intracellular  Na  ion 
concentration  because  of  inactivation  of  Na+-K+pump  and  its  re-incubation  in  normal  K-containing  medium,  the 
pump  activation  was  accompanied  by  depression  of  heart  contractility  (Azatyan  et  al.,  1998).  As  can  be  seen  in 
Figure  3  the  muscle  incubation  in  10"10  M  H202  containing  K-free  medium  in  period  of  pump-induced  inhibition 
of  heart  beating,  the  small  amplitude  of  vibration  of  heart  muscle  appeared,  while  in  case  of  10"9  M  H202  this 
pump-induced  transit  inhibition  of  heart  beating  fully  disappeared.  Similar  effect  was  obtained  when  the  Na 
enrichment  of  muscle  was  performed  in  normal  K-free  and  then  was  re-incubated  in  H202-containing  normal  PS 
(Figure  4). 
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Figure  4.  The  dose-dependent  effect  of  hydrogen  peroxide  in  normal  PS  on  Na-K  pump-induced  transient 
inhibition  of  heart  muscle  beating. 
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Thus,  the  H202-induced  stimulation  of  heart  muscle  contractility  in  period  of  pump-induced  transit 
inhibition  of  heart  beating  is  very  similar  to  the  effect  of  MPS  (Figure  5). 
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Figure  5.  The  effects  of  magnetized  PS  (upper)  and  10 "<s  M  hydrogen  peroxide  (lower)  on  Na-K  pump- 
induced  transient  inhibition  of  heart  muscle  beating. 

As  intracellular  Ca  ions  concentration  has  pivotal  role  in  muscle  contractility  in  the  next  series  experiments 
the  comparative  study  EMF  -treated  PS  and  H202on  45Ca  uptake  by  muscle  was  study  in  Na+-K+pump  active  (in 
normal  PS)  and  inactive  state  (in  K-free  medium). 


Figure  6.  The  effect  of  MV-  and  EMF-treated  PS  (A)  and  K-free  PS  (B)  in  45Ca  uptake  by  heart  muscles 
(expressed  in  %,  compared  to  their  control  value). 


As  can  be  seen  in  Figure  6  the  both  EMF-treated  and  H202-  containing  solutions  have  activation  effect  on 
Ca  uptake  in  normal  PS,  while  in  K-free  solution  this  effect  was  reversed,  i.d.  the  both  factors  have  inhibitory 
effect  on  45Ca  uptake. 

Summary 

Previously  it  was  shown  that  MPS  had  dual  effect  on  heart  muscle  contractility:  relaxation  and  stimulation 
of  pacemaker  activity  (Ayrapetyan  et  ah,  2005).  If  the  relaxation  effect  of  MPS  on  heart  muscle  was  explained 
by  Ca-deflection  of  muscle  in  result  of  activation  of  cGMP -dependent  Na+/Ca2+  exchanger,  the  mechanism  of 
MPS-induced  stimulation  of  heart  contractility  in  period  of  pump-induced  inhibition  of  heart  beating  still 
remains  unclear.  At  the  same  time  in  literature  the  experimental  data  showing  the  H202  generation  in  water 
medium  upon  the  effect  of  magnetic  fields  are  available  (Klassen  1982).  The  obtained  data  on  the  synergic 
effects  of  H202  and  MPS  on  Na+-K+ pump-induced  muscle  relaxation  following  the  pre-incubation  of  the  heart  in 
K-free  medium  allow  us  to  conclude  that  MPS-induced  stimulation  of  heart  contractility  is  due  to  the  H202 
formation  in  MPS.  The  data  that  the  activation  effects  of  H202  and  MPS  on  Na+-K+  pump-induced  muscle 
relaxation  following  the  pre-incubation  of  the  heart  are  present  in  both  cases:  in  K-free  medium  or  in  case  of 
heart  re-incubation  in  K-containing  solutions  treated  by  EMF  or  containing  H202,  i.e.  when  the  pump  was  in 
active  and  inactive  states,  correspondingly,  could  serve  as  an  evidence  on  the  pump-independent  stimulation 
effects  of  MPS  and  H202  on  heart.  It  is  strange  that  this  effect  does  not  depend  on  Ca  metabolisms:  in  spite  that 
the  MPS  and  H202  in  normal  PS  have  activation  and  in  K-free  solution-  inactivation  effects  on  Ca  uptake,  in 
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both  cases  MPS  and  H202  have  stimulation  effects  on  heart  muscle  contractility. 

Thus,  the  main  conclusion  from  the  presented  data  is  that  H202is  one  of  important  messenger  through  which 
the  biological  effect  of  ELF  EMF  on  heart  muscle  contractility  is  realized. 
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Abstract 

In  this  paper  we  will  concentrate  on  the  effects  of  surface  charge  patterns  of  surfaces  which  are  the  substrate  for 
cell  adhesion  and  migration  as  well  as  on  the  effects  of  static  direct  current  electric  (dc  EF)  fields.  Findings  in  the 
literature  and  own  results  will  be  discussed. 

Results  and  Discussion 

In  vitro,  the  application  of  static  dc  EF  of  physiological  power  causes  directed  movement  and  guiding  of  bone 
cells  and  various  other  cell  types.  This  phenomenon  is  called  electrotaxis  (or  galvanotaxis)  [Zhao  et  ah,  2002],  In 
vitro,  at  field  strengths  of  0.1-10  V/cm,  cells  often  migrate  to  the  cathode  (neural  crest  cells,  fibroblasts, 
keratinocytes,  chondrocytes,  rat  prostate  cancer  cells  and  many  epithelial  cell  types).  Only  few  cell  types  move  to 
the  anode  (corneal  endothelial  cells,  bovine  lens  epithelium,  human  granulocytes  and  human  vascular  endothelial 
cells).  Speed  and  direction  of  the  movement  are  voltage  dependent:  human  vascular  endothelial  cells  migrate 
towards  the  anode,  whereas  bovine  aortic  endothelial  cells  move  to  the  cathode.  During  movement,  ruffled 
membranes,  lamellipodia  and  filopodia  are  formed  preferentially  in  the  direction  of  the  anticipated  electrotaxis 
migration  [Sulik  et  al.,  1992;  Zhao  et  ah,  2002],  Several  cell  types  changed  their  initial  direction  of  movement  by 
180°  when  the  current  polarity  was  reversed  [Soong  et  al.,  1990;  Brown  and  Loew,  1994;  Chao  et  al.,  2000;  Wang 
et  al.,  2000b].  EF-induced  cell  migration  can  be  modified  by  proteins  of  the  ECM.  For  example,  highest  cathodal 
migration  was  noticed  with  keratinocytes  plated  on  collagen  and  plastic,  whereas  lowest  locomotion  occurred  on 
laminin.  Cell  response  on  fibronectin  was  in  between  the  two.  Similar  results  were  observed  for  epithelial  cell 
electrotaxis  on  laminin  or  fibronectin  coatings.  Sun  et  al.  [2004]  noticed  directed  movement  of  fibroblast 
migration  at  a  field  strength  as  low  as  0.1  V/cm  in  3-dimensional  collagen  gels,  but  not  in  conventional  2- 
dimensional  cultures.  Thus,  3-dimensional  conditions  seem  to  reflect  the  in  vivo  situation,  where  dc  EF  of  0.1  - 
0.2  V/cm  occur  that  are  important  for  embryonic  development  [Nuccitelli,  2003],  Several  steps  are  involved  in 
cell  migration:  (1)  due  to  their  connection  to  several  adaptor  proteins,  the  growing  of  actin  filaments  will  push  the 
cell  membrane  in  the  direction  of  movement;  (2)  formation  of  focal  contacts  at  the  leading  edge,  i.e.  specific 
bindings  via  membrane  bound  integrin  receptors  and  ECM  proteins,  which  will  also  influence  several  signaling 
pathways  and  structural  elements  of  adhesion;  (3)  focalized  proteolysis  by  recruitment  of  surface  proteases  to 
ECM  contacts;  (4)  cell  contraction  driven  by  myosin  II  binding  to  actin  filaments,  and  (5)  disassembly  of  focal 
contacts  and  detachment  of  the  trailing  edge.  Many  of  these  events  have  also  been  observed  in  EF-induced  cell 
movement. 

If  one  looks  at  the  level  of  a  single  cell  in  an  EF,  then  elongation  of  the  cell  body  and  alignment  of  its  long  axis 
perpendicular  to  the  field  lines  are  striking  phenomena.  This  behavior  was  first  described  for  Xenopus  myoblasts 
and  thereafter  observed  in  many  other  cell  types  including  fibroblasts,  osteoblasts,  chondrocytes,  keratinocytes, 
endothelial  and  epithelial  cells.  As  dc  EF  trigger  migration  and  orientation,  cells  must  orchestrate  cytoskeletal 
elements  and  shape  in  response  to  this  trigger. 

An  accumulation  of  actin  stress  fibers  was  observed  on  the  cathodal  (leading)  edge  of  several  cell  types  [Sulik  et 
al.,  1992;  Zhao  et  al.,  2002].  Often,  the  total  amount  of  filamentous  actin  transiently  increased  and  became 
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selectively  enriched  in  the  leading  lamellipodia.  Here,  focal  contacts  were  also  accumulated.  Recent  experiments 
showed  that  EF-mediated  motility  in  fibroblasts  can  be  halted  by  inhibition  of  microfilament  dynamics,  whereas 
inhibition  of  microtubules  only  reduced  migration  speed  [Finkelstein  et  al.,  2004].  Membrane  extensions  from  the 
trailing  edge  of  chondrocytes  were  concomitantly  retracted  [Chao  et  al.,  2000].  Also  osteoblasts  and  osteoblast¬ 
like  cells  undergo  processes  of  retraction  and  elongation  ultimately  resulting  in  the  realignment  of  the  long 
cellular  axis  perpendicular  to  the  EF  [Curtze  et  al.,  2004],  These  authors  presented  a  theory  to  explain  the  EF- 
induced  perpendicular  orientation  of  cells:  cell  attachment  is  made  by  the  adhesive  interaction  of  ECM  proteins 
with  a  group  of  transmembrane  adhesion  receptors,  the  integrins.  After  binding  to  their  specific  ligands,  integrins 
cluster  within  the  membrane  and  recruit  several  adaptor  and  signaling  proteins  to  form  focal  contacts  (also  called 
focal  adhesions)  that  anchor  the  ends  of  intracellular  actin  filaments  (stress  fibers).  Vinculin  is  one  of  these 
adaptor  proteins  and  is  frequently  used  as  a  marker  for  integrin-based  focal  contacts.  As  stated  here  and  elsewhere 
[Jaffe,  1977;  Poo,  1981],  dc  EF  trigger  the  separation  of  charged  membrane  components.  In  order  to  achieve 
perpendicular  elongation,  a  certain  self-induced  cytoskeletal  tension  is  required  along  the  axis.  Assuming  that  all 
free  integrin  receptors  drift  towards  an  electrode  and  accumulate  there,  the  cell  is  only  able  to  connect  to  two  focal 
adhesions  and  increase  tension  between  them  if  they  are  on  an  axis  perpendicular  to  the  drift.  Cell  adhesion  is  a 
dynamic  process,  thus  after  some  time,  disassembly  of  focal  contacts  on  the  opposite  side  of  the  drift  destination 
leads  to  another  drift.  Consequently,  the  cell  is  no  longer  able  to  maintain  protrusions  with  the  same  orientation  as 
the  EF  [Curtze  et  al.,  2004]. 

Our  experiments  using  corneal  endothelial  cells  support  this  hypothesis:  vinculin  proteins,  used  as  a  marker  for 
integrin  receptors,  are  normally  randomly  distributed  within  the  cell  with  a  preference  for  the  cell  border. 
However,  after  dc  EF  application,  they  concentrate  on  two  major  spots  of  focal  contacts  oriented  perpendicular  to 
the  EF  vector.  Mechanical  load  is  also  discussed  as  a  possible  transducer  of  EF.  EF-induced  effects  such  as 
dynamic  changes  in  intracellular  calcium  concentration,  cell  traction  and  orientation  are  similar  to  the  cellular 
response  after  mechanical  stimulation  [Curtze  et  al.,  2004].  Converse  flexoelectricity  may  thereby  be  a  way  for 
cells  to  sense  small  dc  EF.  Charged  proteins  in  the  lipid  bilayer  of  the  cell  membrane  repel  each  other,  influencing 
membrane  tension.  If  the  charge  on  one  side  of  the  membrane  is  changed  by  dc  EF,  the  membrane  tension  also 
changes,  resulting  in  a  modified  curvature  of  the  membrane.  Such  flexoelectric  effects  have  already  been 
demonstrated  on  voltage-clamped  cells.  Using  traction  force  microscopy,  Curtze  et  al.  [2004]  noticed  a  5-30% 
increase  in  average  traction  force  magnitude  10-30  s  after  dc  EF  exposure  as  the  first  detectable  reaction  of 
osteoblasts.  The  visible  retraction  phase  started  after  5-10  min,  and  then,  cells  subsequently  elongated  and 
oriented  perpendicular  to  the  EF  lines.  Traction  forces  at  the  margins  tangential  to  the  EF  decreased  2-15  min 
after  the  start  of  EF  exposure  below  their  initial  values.  A  mean  delay  of  85  s  between  EF  application  and  first 
observable  changes  in  Ca  2+  levels  occurred,  suggesting  that  stretch-activated  Ca  2+  channels  may  be  responsible 
for  the  Ca  2+  influx.  Static  MF  (10  T)  also  oriented  glioblastoma  cells  in  the  presence  of  collagen  fibers  possibly 
due  to  the  rearrangement  of  microtubules  [Hirose  et  al.,  2003], 

Studies  of  Erskine  and  McCaig  [1997]  and  Ohgaki  et  al.  [2001]  as  well  as  our  own  results  showed  that  negatively 
charged  surfaces  are  a  sometimes  better  interface  for  cell  adhesion  and  further  cell  function  than  positively 
charged  ones.  Using  controlled  surface  charge  induction  on  implants,  it  was  shown  that  the  above  mentioned 
charge  densities  are  sufficient  to  alter  cell  growth,  adhesion  and  phenotypic.  Moreover,  specific  effects  can  be 
observed  when  cells  are  plated  onto  substrates  which  have  been  exposed  to  EFF  EMF  before  plating  [McLeod  and 
Rubin,  1994],  Together,  these  results  strongly  suggest  that  the  observed  effects  are  associated  with  an  alteration  in 
absorption  of  charged  proteins,  and  change  in  the  cellular  response  results  from  the  altered  ‘charge  environment’. 

Seen  ‘with  the  eyes  of  a  cell’,  the  surface  of  an  implant  is  covered  with  water  and  ions  (in  vivo  serum,  in  vitro  cell 
culture  medium).  Then,  amino  acids  and  proteins  (especially  albumin,  fibronectin  and  vitronectin)  are  absorbed  to 
the  surface  due  to  unspecific  charge  interactions  [Vrornan,  1988].  At  negatively  polarized  (e.g.,  glass)  and 
negatively  charged  surfaces,  inorganic  cations  like  calcium  and  cationic  amino  acids  and  proteins  may  bind  to  the 
surface,  making  it  a  suitable  interface  for  the  negatively  charged  surface  of  the  cell  [Ohgaki  et  al.,  2001]. 
Additionally,  Ca  2+  ions  are  required  for  the  formation  of  focal  adhesions.  Thus,  a  higher  local  concentration  of 
Ca  2+  will  accelerate  specific  integrin  receptor-mediated  binding.  In  the  next  step  of  the  attachment  sequence,  the 
cell  recognizes  RGD  motifs  (a  sequence  of  amino  acids  which  is  important  for  binding  processes)  of  surface- 
bound  proteins,  and  finally,  specific  binding  occurs  at  focal  adhesions  via  integrin  receptors  (early  and  late).  As 
the  ‘missing  link’  between  the  patterns  of  surface  charges  and  special  adhesion  proteins  described  above,  Botti  et 
al.  [1998]  described  a  class  of  adhesion  proteins  that,  because  of  their  common  electrostatic  and  structural  motif, 
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were  called  ‘electrotactins’.  These  proteins  had  a  functional  region  common  to  cholinesterases  and  exhibitied  a 
special  pattern  of  electrostatical  surface  potentials. 

Responding  to  extracellular  cues  like  EMF  involves  a  cascade  of  events,  transducing  signals  from  the  cell  surface 
to  the  cytoskeleton.  Due  to  the  high  dielectric  property  of  the  lipid  bilayer  membrane,  externally  applied  dc  EF 
will  be  considerably  attenuated.  For  example,  a  dc  EF  of  5  V/crn  will  produce  an  intracellular  field  of  only  0.5 
mV/cm,  which  is  unlikely  to  produce  significant  effects  [Poo,  1981]. 

What  is  the  sensor  for  EF  gradients?  A  suggested  mechanism  is  the  electrophoretic  mobility  of  charged  molecules 
in  the  cell  membrane  in  a  dc  EF  [Jaffe,  1977;  Poo,  1981].  In  this  respect,  electroosmosis  (see  also  above)  plays  a 
role:  the  imposition  of  a  dc  EF  on  the  negatively  charged  cell  membrane  produces  a  flow  of  positive  counter  ions, 
which  will  result  in  a  flow  of  fluid  towards  the  cathodal  site  of  the  membrane.  By  this  flow,  a  negatively  charged 
receptor  will  be  swept  to  the  cathodal  side  of  the  membrane  if  its  _  potential  is  less  negative  than  the  potential  of 
the  cell  surface;  otherwise  it  will  accumulate  on  the  anodal  site  [Poo,  1981;  McCaig  et  al.,  2005].  The  potential  is 
the  electric  potential  at  the  interface  between  a  solid  surface  or  membrane  and  a  liquid.  Such  lateral  movements 
and  enrichments  of  membrane  components  towards  the  cathode  have  been  observed  in  several  cell  types. 
Examples  are  concanavalin  A  and  acetylcholine  receptors  or  positively  charged  membrane  lipids  in  Xenopus 
myotomal  membrane  [Poo,  1981],  fibronectin  receptor  in  fibroblasts  [Brown  and  Loew,  1994],  lipids  and 
epidermal  growth  factor  (EGF)  receptor  in  keratinocytes  [Song  et  al.,  2002],  membrane  lipids  or  EGF  and 
hepatocyte  growth  factor  receptors  in  corneal  epithelial  cells  [Zhao  et  al.,  2002;  McBain  et  al.,  2003].  Thus,  one 
can  imagine  that  redistributed  membrane  molecules  can  be  sensed  inside  the  cell  by  components  of  the 
cytoskeleton  and  be  used  as  an  orientation  cue.  Some  of  these  mechanisms  have  been  explored  in  more  detail. 
Finkelstein  et  al.  [2004]  recently  demonstrated  that  microtubules  are  involved  in  EF-induced  cell  migration. 
Signaling  molecules  such  as  Rho  GTPases  and  protein  kinases  interact  with  microtubules  and  can  effectively 
hitchhike  microtubule-based  transport.  In  this  way,  they  pass  signals  from  the  leading  edge  of  the  cell  via  the 
nucleus  to  the  trailing  edge.  An  EF  induces  redistribution  of  hepatocyte  growth  factor  receptors  and  triggers  the 
mitogen-activated  protein  kinase  pathway  downstream  that  is  involved  in  epithelial  cell  migration  [McBain  et  al., 
2003],  Similarly,  EGF  receptor  kinase  activity  and  redistribution  in  the  cell  membrane  are  necessary  for 
electrotaxis  in  keratinocytes.  In  chondrocytes,  antagonists  of  the  inositol  phospholipid  pathway  were  able  to 
inhibit  cathodal  migration  [Chao  et  al.,  2000].  In  contrast  to  the  arising  weak  internal  field,  the  externally  applied 
dc  EF  can  induce  substantial  alterations  of  the  membrane  potential.  The  resting  potential  of  a  nonexcitable  cell  is 
approximately  -45  to  -75  mV.  A  usual  dc  EF  of  1-10  V/cm  applied  to  a  cell  of  10  _  m  in  radius  will 
hyperpolarize  the  membrane  facing  the  anode  by  1.5-  15  mV  and  depolarize  the  cathodal  site  by  the  same 
amount.  This  is  sufficient  to  induce  several  physiological  effects  such  as  changes  in  the  levels  of  calcium  ions 
[Poo,  1981;  Mycielska  and  Djamgoz,  2004;  Robinson,  1985].  In  many  cells,  dc  EF-induced  migration  depends  on 
changes  in  intracellular  Ca  2+  concentration.  Since  the  cytoplasm  on  the  anode-facing  site  became  more  negative, 
the  inward  driving  force  of  Ca  2+  was  increased  at  the  anode,  whereas  that  on  the  cathodal  site  decreased  (passive 
influx).  Increasing  [Ca  2+  ]  often  activates  myosin  light  chain  kinase  that  phosphorylates  the  regulatory  light 
chain  of  myosin  II.  This  in  turn  triggers  the  actin-activated  myosin  ATPase,  a  major  regulator  in  cell  contraction. 
In  consequence,  the  anodal  site  contracts  and  the  cell  will  be  propelled  towards  the  cathode.  If  voltage -gated  Ca 
2+  channels  are  present,  a  cathode-faced  membrane  depolarization  should  open  them,  and  the  Ca  2+  influx 
following  this  opening  will  cause  cell  migration  towards  the  anode.  The  calcium  waves  measured  were  fast  (22.5- 
50  _  m/s,  i.e.  faster  than  electroosmosis)  which  could  possibly  explain  the  very  fast  cell  reactions  reported  in  other 
EMF  studies.  However,  the  net  movement  (and  direction  of  cell  migration)  depends  on  the  balance  of  passive 
influx  and  voltage -gated  influx  of  Ca  2+.  Calcium  ions  are  also  essential  for  the  coupling  of  other  forms  of  EMF 
to  a  biological  system. 

In  conclusion,  the  cell-guiding  effects  of  static  EF  have  a  good  explanation  with  the  observations  of  the 
electrophoretic  mobility  of  charged  cell  membrane  molecules.  However,  a  cascade  of  events  must  be  initiated  for 
this  effect  to  be  linked  to  classical  biochemical  pathways. 
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Abstract: 

The  aim  of  the  present  study  is  to  introduce  an  electronic  experimental  setting  for  measuring  of  critical  time  (CT) 
and  corresponding  critical  fusion  frequency  (CFF)  for  healthy  subjects  at  different  wavelengths  and  different 
acuities.  The  work  introduces  a  simple  measuring  setting  that  utilizes  an  electronic  device  capable  of  controlling 
the  frequency  of  illuminated  monochromatic  light  source. 

The  investigation  considered  the  size  of  the  stimulus,  its  luminance,  the  distance  from  the  eye  to  the  fixed  and 
movable  light  sources.  Particular  interest  was  given  to  scanning  the  retina  for  various  CFF  responses.  The 
results  show  that ,  CFF  has  a  maximum  value  at  fovea  and  this  value  decreases  nonlinearly  as  we  move  to  the 
periphery,  explanation  of  this  results  is  introduced  and  related  to  cone  and  rod  distribution  at  different  retinal 
visual  angle  as  well  as  the  different  response  of  cones  to  color  . 

Introduction: 

Critical  flicker  frequency  (CFF)  is  the  transition  point  of  an  intermittent  light  source  where  the  flickering  light 
ceases  and  appears  as  a  continuous  light.  Accordingly,  it  is  the  minimum  frequency  of  a  pulsating  light  source 
at  which  the  light  appears  to  be  fused  into  continuous,  rather  than  flickering,  stimulus.  There  are  a  multitude  of 
factors  that  determine  our  perception  of  flicker  such  as  the  intensity  and  size  of  the  test  stimulus1. 

Researches  in  this  field  are  important  in  diagnosing  by  the  measurements  of  fusion  of  the  human  eye. 
Braunstein2  was  one  of  the  first  to  investigate  CFF  in  cases  of  optic  atrophy,  optic  neuritis  and  glaucoma.  Since 
then  measurements  have  shown  to  be  sensitive  to  the  presence  of  retinal  or  optic  nerve  diseases  when  other 
clinical  tests  remain  unaffected3,4. 

Several  factors  such  as  the  light  intensity,  the  target  size,  and  the  luminance  contrast5  are  affecting  on  the  CFF. 
Keesey6  ,  illustrated  that  the  visual  target  size  affects  flicker  perception  at  frequencies  higher  than  20  Hz  ,  CFF 
is  known  to  increase  with  increasing  target  stimulus  size  ;  under  20  Hz,  the  sensitivity  decrease  with  increasing 
target  size.  Delange7  demonstrated  that  for  visual  stimulus  with  a  fixed  temporal  frequency;  sensitivity  to  flicker 
increases  as  the  amplitude  of  the  luminance  is  increased. 

At  high  frequencies,  flicker  sensitivity  curves  for  different  size  of  visual  stimuli  have  similar  shapes,  Kelly8.  This 
indicates  the  visual  system  responds  the  temporal  characteristics  of  stimuli  in  a  consistent  fashion.  At  frequency 
higher  than  20  Hz  CFF  thresholds  decreased  as  target  size  increases.  The  age  plays  an  important  role,  Kim9, 
showed  that  young  people  in  general  have  higher  CFF  than  older  ones.  In  addition,  women  enjoy  higher  CFF 
than  men10. 

CFF  is  significantly  higher  than  at  the  fovea  when  the  image  is  projected  at  the  fovea,  also  the  flicker  depends  of 
the  background  illumination,  for  dark  background,  the  CFF  is  lower  than  that  for  background  at  50  lux11. 
Wolfgang12,  studies  the  effects  of  the  CFF  at  the  accommodation,  convergence  and  pupil  diameter  of  the  human 
eye.  Toshiyuki13,  studied  the  effects  of  illumination,  distance  between  the  eye  and  the  light  source  and  age  on 
the  CFF. 

However,  very  little  attention  is  given  to  the  study  of  flickering  at  different  point  on  the  retina.  Most  of  the 
reported  literature  is  concerned  with  CFF  when  the  image  is  received  at  the  fovea.  In  the  present  work,  the  CFF 
at  different  locations  in  the  visual  field  for  different  wavelengths  is  examined.  It  employs  a  device,  which 
enable  the  researchers  to  obtain  accurate  data  concerning  the  effect  of  the  both  locations  and  wavelengths  on  the 
CFF  value. 
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Apparatus  used: 

An  electronic  device  was  designed  so  that  light  of  several  wavelengths  can  produced  and  jittered  from  different 
LEDs.  The  light  pulses  are  supplied  from  a  square  wave  function  generator.  The  wave  generator  produces  square 
pulse,  which  is  differentiated  electronically,  and  then  the  edge  of  the  pulse  was  used  to  initial  a  rectangular  wave 
using  a  monostable  oscillator.  This  stage  is  necessary  to  control  both  the  pulse  duration  (T j)  and  the  time  interval 
between  the  successive  pulses  (T2).  At  the  end,  the  output  of  the  monostable  vibrator  is  sent  to  a  movable  LED  2 
light  source.  The  light  is  filtered  so  that  only  the  concerned  wavelengths  are  obtained  purely. 

The  pulse  is  observed  using  an  oscilloscope  and  fed  to  PC  to  record  the  results.  The  pulse  duration  was  kept 
constant  while  the  time  interval  between  pulses  varied  electronically.  The  block  diagram  of  electronic  circuit  can 
be  shown  in  Figure  1 . 


Figure  1 


The  mechanical  device  consists  of  two  stand  and  semi-circular  arc  of  radius  49  cm  ,  the  length  of  the  arc  is 
calibrated  such  that  the  distance  from  the  center  of  fixation  point  to  any  point  on  the  arc  (d)  corresponds  to  an 
angle  a  d  which  is  called  retinal  visual  angle  at  the  center  of  the  arc  as  shown  in  Figures  2  (a  ,  b) . 

Temporal 


Subject 


Experimental  setting  for  measurement  of  critical  time 
Figure  2-a  Nasal  and  Temporal  Vision  of  R.E 
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Nasal 


Temporal 


R.E 

Figure  2-b  Nasal  and  Temporal  Vision  of  L.E 


Procedure: 

Ten  subjects  (mean  age  30+5  years)  were  examined  for  CFF  ,  the  visual  acuity  ,  sex  .weight  ,  occupation 
and  the  state  of  the  health  are  recorded  .  The  experimental  setting  is  kept  under  dark  conditions.  Measurements 
were  taken  for  each  eye  separately  for  each  subject.  The  subject  was  asked  to  keep  focusing  on  the  center  of  the 
arc  where  a  fixed  light  source  LED  1  at  the  fixed  wavelength  is  located.  As  the  subject  is  focusing  on  this 
source,  another  source  LED  2  of  the  same  wavelength  was  made  to  slide  slowly  on  the  arc  at  different  positions. 

For  each  position,  the  light  controlled  from  the  second  source  is  made  to  fluctuate  electronically  at  different 
frequency,  the  subject  was  asked  to  tell  when  he  sees  the  light  continuously.  At  that  time,  the  frequency  of  the 
light  was  determined  using  an  oscilloscope.  The  value  of  the  CFF  is  obtained  an  average  value  for  more  than  six 
repetitions  of  the  CFF  thresholds  were  obtained. 

The  procedure  was  repeated  for  different  wavelengths  of  ~k\  =  540  nrn  ,  X2  =  580  nrn  and  A  =  660  nm  at 
different  locations  on  the  retinal  visual  field  for  each  subject.  In  addition,  the  effect  of  the  visual  acuity  was 
investigated  on  the  CFF  thresholds. 


Results: 

The  effects  of  the  different  wavelengths  on  the 
Critical  Time  (CT)  are  measured  as  shown  in 
Figures  3  and  4.  CT  has  a  minimum  value  at 
the  fovea  for  all  wavelengths;  this  is  because 
the  fovea  is  the  most  region  of  the  retina, 
which  contains  the  maximum  concentration  of 
the  receptors  of,  cons  (337  xlO3  cones).  At  the 
temporal  side  of  the  eye,  CT  increases  due  to 
the  decreasing  of  the  concentration  of  the  cons. 
CT  is  higher  throughout  the  periphery  than  the 
fovea  CT  for  U  =  540  nm  is  less  than  CT  for 
X2  =  580  nm  and  for  less  than  k3  =  660  nm  . 


Fig  .  3  -  a  Critical  Time  for  R.E  (  Temporal ) 
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Fig  .  3  -  b  Critical  Time  for  R.E  (  Nasal ) 


Fig  .  4  -  a  Critical  Time  for  L.E  (  Temporal )  Fig  .  4  -  b  Critical  Time  for  L.E  (  Nasal ) 


Retinal  Angle  (ad )  Retinal  Angle  (ad) 


CFF  has  a  maximum  value  at  fovea  (+  2.5°  from  the  visual  axis)  and  this  value  decreases  in  the  periphery,  the 
reason  of  this  return  to  the  existing  of  different  pathways  long  (SC)  &  short  (LGN)  CFF  has  a  maximum  value 
than  in  periphery.  Also  ,  the  different  rates  ,  low  (  blue  cone)  &  high  (red  and  green  cones)  of  neural  signal 
causes  that  the  CFF  has  a  different  value  at  different  retinal  visual  angle,  and  at  different  wavelengths  of  light 
sources  ,  the  values  of  CFF  at  different  locations  of  the  retina  for  different  wavelengths  for  right  and  left  eyes 
respectively  are  shown  in  Tables  1,2. 
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Table  1:  CFF  values  at  different  locations  of  visual  retinal  angle  (a(| 
for  different  wavelengths.  (R.E) 


Retinal  angle  j 

CFF  (Hz)  Temporal  Side 

Wave  1 

Aj  =  540  nm 

Wave  2 

A9  =  580  nm 

Wave  3 

A-^  =  660  nm 

0° 

44 

40 

35 

10° 

40 

35 

30 

20° 

38 

32 

28 

30° 

32 

26 

24 

40° 

28 

20 

18 

50° 

24 

16 

14 

Table  1-a  Temporal  side 


Retinal  angle  j 

CFF  (Hz)  Nasal  Side 

Wave  1 

Aj  =  540  nm 

Wave  2 

A  t  =  580  nm 

Wave  3 

A,  =  660  nm 

0° 

44 

40 

35 

10° 

36 

32 

28 

20° 

30 

24 

22 

30° 

22 

16 

15 

40° 

18 

10 

8 

Table  1-b  Nasal  side 


Table  2:  CFF  values  at  different  locations  of  visual  retinal  angle 
for  different  wavelengths.  (L.E) 


Retinal  angle  (otj  ) 

CFF 

(Hz)  Temporal  Side 

Wave  1 

Aj  =  540  nm 

Wave  2 

A  t  =  580  nm 

Wave  3 

A,  =  660  nm 

0° 

43 

38 

34 

10° 

39 

34 

30 

20° 

36 

30 

26 

30° 

32 

36 

22 

40° 

27 

21 

16 

50° 

23 

16 

12 

Table  2-a  Temporal  side 
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Retinal  angle  (otj  ) 

CFF  (Hz)  Nasal  Side 

Wave  1 

=  540  nm 

Wave  2 

=  580  nm 

Wave  3 

=  660  nm 

0° 

43 

38 

34 

10° 

36 

32 

28 

20° 

28 

26 

24 

30° 

18 

17 

15 

40° 

14 

12 

8 

Table  2-b  Nasal  side 


Figure  5  shows  the  variation  of  the  Critical  Time  (CT)  with  the  different  visual  acuities  at  different  locations  of 
the  retina.  Critical  Time  has  a  minimum  value  at  the  fovea  and  this  value  is  increasing  at  outside  of  the  fovea. 
For  good  visual  acuity  (20/20),  CT  is  minimum  (CFF  is  maximum)  than  for  low  visual  acuity  (20/120).  The 
values  of  CFF  at  different  locations  of  visual  angle  for  different  visual  acuities  are  shown  in  Table  3.  In 
periphery,  CFF  values  did  not  change  almostely  for  different  acuities. 


Fig  .  5  Critical  Time  for  different  visual  acuities 


Table  3:  CFF  values  at  different  locations  of  visual  retinal  angle  (a°  j 
for  different  acuities.  (V.A) 


Retinal  angle 

CFF  (Hz) 

VAj  20/20 

VA2  20/30 

VA3  20/120 

0° 

43 

42 

35 

10° 

36 

33 

27 

20° 

26 

25 

22 

30° 

18 

17 

17 

4^ 

O 

0 

14 

13 

13 

o 

O 

fn 

10 

9 

9 

Figures  6  (a  ,  b)  Show  the  visual  field  of  right  and  left  eyes  at  different  wavelengths  respectively,  the  visual  field 
for  smallest  wavelength  is  largest  area  than  for  largest  wavelength  . 
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270° 

Figure  (6  -  a)  Visual  field  of  R.E 

90° 


120° 

150° 

180° 

210° 

270° 

Figure  (6  -  b)  Visual  field  of  L.E 
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The  critical  flicker  frequency  is  often  used  as  a  measure  of  the  current  state  of  the  optical  nervous  system.  As 
such,  it  may  be  affected  by  several  factors;  internal  as  well  as  external.  Internal  factors  concerned  with  the 
subject  characteristics,  such  as  stimulus,  modulation,  luminance  (Intensity  and  area),  and  wavelength.  There  are 
two  possible  routes  for  the  neural  signal  from  the  receptors  across  the  optic  nerve  to  the  brain,  via  the  lateral 
geniculate  nuclei  (LGN)  or  via  the  superior  colliculus  (SC)  as  shown  in  Figure  7.  The  presence  of  different 
pathways  {long  (SC)  &  short  (LGN)}  and  different  rates  {low  (Blue  cone)  &  high  (Red  and  Green  cones)}  of 
neural  signal  causes  that  the  CFF  has  a  different  value  at  different  retinal  visual  angle,  and  its  maximum  value  at 
fovea. 


/ 


Fig.  7:  The  brain  and  the  visual  pathways 

From  the  pervious  results,  it  is  clear  that  the  retina  and  the  occipital  cortex  synchronize  with  the  flicker,  and  then 
CFF  is  regarded  as  a  function  of  activity  of  both  the  eye  and  the  cerebral  cortex.  The  highest  degree  of  cortical 
response  that  is  registered  when  a  subject  is  exposed  to  flicker  is  found  in  the  occipital  lobe. 

Conclusion: 

The  precedence  enables  as  to  examine  the  variation  of  CFF  with  location  on  the  retina  as  whole.  The  spatial 
approach  overcomes  the  pervious  literature,  which  concentrate  on  the  measurement  of  CFF  on  the  fovea  itself. 
The  work  also  examines  the  effect  of  light  wavelength  on  the  CFF  at  different  spatial  location  on  the  retina  and 
shows  that  for  away  from  the  fovea  the  CFF  decreases. 

Also  the  proposed  electronic  and  mechanical  setting  have  the  advantage  of  simplicity  and  accuracy  for  the  future 
work,  varying  wavelength  may  be  examined  and  related  to  know  diseases. 
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Abstract: 

A  design  of  a  bandpass  filter  is  presented  in  this  paper  and  tuned  at  2.4  GHz.  The  resonating  element  in  this  design  is 
an  elliptical  ring  with  a  specific  width.  The  microstrip  line  is  directly  connected  to  the  ring.  Both  the  ring  and  the 
microstrip  line  are  placed  on  one  side  of  a  dielectric  substrate.  The  slotline  is  connected  to  the  substrate  below  the 
ring.  The  slotline  is  electromagnetically  coupled  to  the  ring  resonator. 

A  detailed  parameter  study  has  been  performed  for  the  proposed  filter.  The  results  show  that  both  the  bandwidth  and 
the  surface  area  of  the  filter  can  be  controlled  via  controlling  the  width  and  the  aspect  ratio  of  the  ring. 

Introduction: 

Bandpass  filters  play  an  important  role  in  radio  front-end  systems.  For  example  a  bandpass  filter  is  put  immediately 
after  the  receiving  antenna  to  reduce  the  susceptibility  of  the  receiver  to  unwanted  frequencies.  Superheterodyne 
receivers  make  use  of  one  or  more  intermediate  frequencies  with  image  reject  bandpass  filters  on  every  intermediate 
frequency.  A  passive  bandpass  filter  can  be  constructed  by  combining  a  number  of  elements  These  elements  can  be 
either  lumped  components  (such  as  inductors,  capacitors,  resistors)  or  distributed  transmission  lines  2.  For  the 
bandpass  filter  based  on  distributed  transmission  lines,  any  type  of  lines  can  be  used  (such  as  microstrips,  coplanar 
waveguides,  slotlines  ...).  Different  topologies  can  be  used  to  achieve  the  required  frequency  selection  function  of 
the  bandpass  filter.  For  example,  parallel  coupled  lines  3  and  hairpin  resonator  4’ 5. 

In  this  paper,  a  new  design  of  a  bandpass  filter  is  presented.  The  design  is  based  on  distributed  transmission  lines  of 
the  microstrip  type.  The  resonator  used  takes  the  shape  of  an  elliptical  ring  of  a  specific  width.  Two  lines  are  coupled 
to  this  ring.  The  first  line  is  of  microstrip  type  and  directly  connected  to  the  ring.  The  second  one  is  of  slot  type  and 
coupled  electromagnetically,  through  the  substrate,  to  the  ring.  Hence,  the  proposed  design  is  perfectly  planar  and 
consists  of  two  metal  layers  and  one  dielectric  layer. 

Section  2  introduces  the  proposed  geometry  of  the  filter.  The  method  used  for  analysis  is  mentioned  in  Section  3. 
The  steps  to  be  followed  in  order  to  tune  the  proposed  filter  are  given  in  Section  4.  A  detailed  parameter  study  is 
performed  in  Section  5.  The  important  conclusions  are  stated  in  Section  6. 

Filter  Configuration: 

Figure  1  shows  the  proposed  design  for  the  bandpass  filter.  It  consists  of  two  planar  metallic  layers  placed  on  both 
sides  of  a  dielectric  substrate.  Without  loss  of  generality,  a  glass  substrate  with  dielectric  constant  of  6.2  and 
thickness  of  0.7  mm  is  selected.  This  substrate  is  identical  to  that  used  in  the  multichip  module  with  deposited  thin 
films,  MCM-D,  technology  6.  The  first  metal  layer  is  placed  on  top  of  the  substrate.  It  includes  a  microstrip  line 
connected  to  an  elliptical  ring  resonator.  Port  1  is  assigned  to  the  microstrip  line.  The  second  metal  layer  is  placed  on 
the  other  side  of  the  substrate.  Within  this  layer,  a  slotline  is  etched  and  connected  to  port  2.  Both  metal  layers  are 
assumed  made  up  of  copper  with  conductivity  of  58xl06  1/Qm  and  thickness  of  5  pm. 
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Figure  1  Geometry  of  the  elliptical  ring  resonator  bandpass  filter 
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The  proposed  filter  design  has  the  advantage  of  allowing  the  antenna  to  be  of  microstrip  type,  and  the  rest  of  the 
transceiver  circuit  to  be  of  slot  type.  This  combination  is  attractive  for  many  practical  situations.  Being  of  microstrip 
type,  the  integrated  antenna,  which  will  be  connected  to  port  1,  provides  radiation  from  one  side  only  of  the 
substrate.  This  feature  is  desired  in  several  wireless  systems.  On  the  other  hand,  the  preferable  technology  for  the  rest 
of  the  system  is  either  the  slotline  or  the  coplanar  waveguide  (CPW).  This  is  due  to  the  fact  that  in  these  technologies 
both  the  signal  and  the  ground  terminal(s)  are  brought  in  the  same  plane. 

This  simplifies  the  integration  of  shunt  lumped  elements  and  active  devices  and  avoids  the  necessity  of  drilling  via 
holes  through  the  substrate.  It  is  clear  from  Fig.  1  that  the  proposed  filter  design  has  6  feature  dimensions.  These 
dimensions  are:  the  minor  and  major  radii  of  the  elliptical  ring  resonator  (a  and  b,  respectively),  the  width  of  the  ring 
t,  the  distance  between  the  edge  of  the  slotline  and  the  center  of  the  ring  d,  the  width  of  the  microstrip  line  Wm,  and 
the  width  of  the  slotline  Ws.  Practically,  the  last  two  dimensions  are  adjusted  to  achieve  specific  values  for  the 
characteristic  impedances  of  the  feeding  lines.  Knowing  the  substrate  properties  and  the  resonance  frequency,  2.4 
GHz,  the  widths  which  correspond  to  100  Q  for  both  lines  are:  Wm  =  0.21  mm  and  Ws  =  0.8  mm. 

The  theory  of  operation  of  the  proposed  bandpass  filter  is  that  at  resonance,  the  electrical  circumference  of  the 
elliptical  ring  equals  one  guided  wavelength  Xg.  The  width  of  the  microstrip  line  forming  the  ring,  t,  defines  the 
corresponding  value  of  the  guided  wavelength.  The  satisfaction  of  this  condition,  forces  the  two  signal  components 
excited  from  one  port  to  travel  distances  of  Xg/A  and  3  A.^/4  in  the  two  branches  of  the  ring  to  reach  the  other  port.  The 
resulting  180°  phase  shift  is  compensated  by  the  180°  spatial  opposition  of  the  two  arms  at  the  other  port,  which 
results  in  an  in-phase  addition. 

Method  of  Analysis: 

The  analysis  of  the  proposed  bandpass  filter  is  carried  out  using  Agilent-Momentum  1 .  Momentum  is  a  2.5D  full- 
wave  solver  based  on  the  integral  equation  formulation  solved  using  the  Method  of  Moments.  Since  it  is  a  well- 
known  full-wave  simulator  validated  many  times  in  literature,  it  is  possible  to  rely  on  its  simulation  results.  For 
meshing  the  filter  under  development,  mixed  rectangular  and  triangular  segments  are  used.  Twenty  five  cells  per 
wavelength  combined  with  a  narrow  edge  mesh  are  adopted. 

Filter  Design: 

As  stated  in  Section  2,  the  remaining  4  dimensions  of  the  filter  to  be  determined  are:  a ,  b,  t,  and  d.  The  first  two 
dimensions  can  be  combined  into  one  parameter  called  the  aspect  ratio  of  the  elliptical  ring  resonator.  This  new 
parameter  is  defined  as  the  ratio  between  b  and  a,  i.e.  {bid).  Knowing  bla  and  t,  the  last  dimension  d  is  determined 
via  optimization  such  that  the  best  impedance  matching  with  the  slotline  is  obtained.  This  leaves  only  two 
independent  design  parameters,  namely  bla  and  t.  Consequently,  the  design  space  is  a  2D  space.  The  selected  range 
for  bla  starts  from  1  up  to  5,  while  the  selected  range  for  t  starts  from  0.25  mm  up  to  0.75  mm.  Outside  these  ranges 
it  has  been  observed  that  the  response  of  the  filter  is  unsatisfactory. 

The  frequency  response  of  the  filter  at  the  central  point  of  the  design  space,  bla  =  3  and  t  =  0.5  mm,  is  shown  in 
Figure  2.  As  desired,  the  resonance  frequency  of  the  filter  is  2.4  GHz.  There  are  several  criteria  for  defining  the 
percentage  bandwidth  of  a  bandpass  filter.  The  selected  definition  in  this  paper  is  A///0,  where  fQ  is  the  resonance 

frequency  and  A f  is  the  common  frequency  band  which  satisfies  the  following  conditions:  |  Su  |<— lOdB, 

|  ^21  |  >  —  1  dB  ,  and  |  S22  |  <  — 10  dB  . 

As  mentioned  in  Section  2,  once  the  width  of  the  ring  is  defined,  its  circumference  become  available  and  equals  to 
the  guided  wavelength  of  the  microstrip  line  forming  it.  However,  experimental  iterations  have  shown  that  the  ring 
circumference  is  slightly  smaller  than  the  corresponding  theoretical  value.  This  deviation  is  mainly  due  to  the 
excitation  of  higher  order  modes  around  the  feeding  lines.  For  the  selected  width  of  the  ring  t  =  0.5  mm  and  at/=  2.4 
GHz,  the  guided  wavelength  is  60.62  mm,  while  the  circumference  of  the  ring  is  found  to  be  55.83  mm.  Since  the 
circumference  of  the  elliptical  ring  equals  n(a  +  b),  the  specification  of  the  aspect  ratio  bla,  results  in  determining  the 
corresponding  values  for  the  minor  and  major  radii,  a  and  b,  respectively. 
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Frequency  (GHz) 

Figure  2  S-parameters  versus  frequency  of  the  proposed  bandpass  filter. 

Parameter  Study: 

In  this  section  the  effect  of  varying  the  independent  design  parameters  on  the  filter’s  geometry  and  response  is 
studied.  As  mentioned  is  the  previous  section,  the  proposed  filter  has  two  independent  design  parameters,  namely  the 
aspect  ratio  bla  and  the  width  of  the  elliptical  ring  resonator  t.  Of  particular  interest  to  many  modem  wireless 
systems,  is  the  surface  area  occupied  by  the  filter.  There  is  a  definite  trend  toward  specifying  severe  restriction  on  the 
surface  area.  For  our  proposed  design  the  surface  area  occupied  by  the  filter  can  be  defined  as  the  area  of  the 
rectangular  which  entirely  contains  the  ring.  Referring  to  Figure  1,  the  surface  area  equals  (2a  +  t)  (2b  +  t).  The 
response  of  the  filter  is  characterized  by  its  percentage  bandwidth,  which  is  defined  in  Section  4. 

Variation  of  b/a: 

In  this  subsection  the  aspect  ratio  of  the  elliptical  ring  is  continuously  varied  from  1  to  5.  The  other  independent 
parameter  t,  takes  three  discrete  values:  0.25  mm,  0.5  mm,  and  0.75  mm.  Figure  3  shows  both  the  minor  radius  a, 
and  the  major  radius  b,  versus  the  aspect  ratio.  It  is  clear  from  the  figure  that  a  decreases  as  bla  increases,  while  b 
increases.  This  behavior  allows  a  and  b  to  provide  the  required  aspect  ratio,  while  keeping  their  summation 
approximately  constant.  The  approximately  constant  summation  results  in  an  approximately  constant  circumference 
for  the  ring  at  the  corresponding  value  of  its  width.  Both  a  and  b  decreases  as  t  increases.  The  reason  for  that  is  the 
guided  wavelength,  and  also  the  circumference,  decreases  as  t  increases. 


Figure  3  Minor  and  major  radii  of  the  ring  versus  its  aspect  ratio 
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The  surface  area  occupied  by  the  filter  is  plotted  in  Figure  4  versus  bla  at  three  different  values  of  t.  The  figure 
shows  that  increasing  the  aspect  ratio  bla,  results  in  decreasing  the  surface  area.  The  decrease  in  the  surface  area  with 
the  increase  of  the  width  t  is  expected,  because  of  the  decrease  of  the  guided  wavelength.  Figure  5  shows  the 
optimized  values  of  d  versus  bla  at  the  selected  values  of  t.  The  optimization  is  based  on  obtaining  the  best  possible 
match  with  the  slotline  of  port  2.  It  is  clear  from  Figure  5  that  as  bla  increases  the  edge  of  the  slotline  moves 
continuously  downward.  The  percentage  bandwidth  of  the  filter  is  plotted  versus  bla,  at  different  values  of  t,  in 
Figure  6.  The  figure  shows  that  the  percentage  bandwidth  decreases  as  either  bla  or  t  increases.  However,  the  effect 
of  varying  t  is  more  pronounced.  Based  on  the  surface  area  and  bandwidth  specifications,  the  designer  can  use 
Figures  3,  4,  5,  and  6  to  specify  the  corresponding  values  of  a,  b,  t,  and  d. 
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Figure  4  Surface  area  occupied  by  filter  versus  the  aspect  ratio  of  its  ring 


Figure  5  Distance  between  the  edge  of  the  slotline  and  the  center  of  the  ring  versus  its  aspect  ratio 
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b  /a 


Figure  6  Percentage  bandwidth  of  the  proposed  filter  versus  the  aspect  ratio  of  its  ring 
Variation  of  t 

In  order  to  examine  the  design  space  in  the  orthogonal  direction,  the  width  t  of  the  ring  is  going  to  be  varied 
continuously,  from  0.25  mm  to  0.75  mm,  in  this  subsection.  The  aspect  ratio  bla  will  be  fixed  at  three  discrete 
values:  1,  3,  and  5.  Figure  7  shows  both  the  minor  radius  a  and  the  major  radius  b  versus  t.  As  /  increases,  both  a  and 
b  decreases.  This  is  a  result  of  the  reduction  of  the  guided  wavelength  as  well  as  the  circumference  of  the  ring  as  t 
increases.  It  is  also  clear  that  as  bla  increases  a  decreases,  while  b  increases.  This  behavior  allow  a  and  b  to  preserve 
the  required  aspect  ratio  while  keeping  their  summation  approximately  constant  at  a  specific  value  of  t. 


0.25  0.3  0.35  0.4  0.45  0.5  0.55  0.6  0.65  0.7  0.75 

t  (mm) 

Figure  7  Minor  and  major  radii  of  the  ring  versus  its  width 
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Knowing  a  and  b,  the  surface  area  occupied  by  the  filter  can  be  calculated.  In  Figure  8,  the  surface  area  is  plotted 
versus  t  at  three  different  values  of  b/a.  The  surface  area  decreases  as  either  t  or  b/a  increases.  The  parameter  bla  has 
more  impact  on  the  surface  area  than  that  of  t.  After  obtaining  the  radii  of  the  ring,  the  value  of  cl  should  be 
optimized  in  order  to  achieve  the  best  matching  between  the  slotline  and  the  elliptical  ring  resonator.  The  optimum 
value  for  cl  is  plotted  in  Figure  9.  It  is  clear  from  this  figure  that  the  distance  between  the  edge  of  the  slot  line  and  the 
center  of  the  ring  decreases  as  either  t  or  b/a  increases. 


t  (mm) 

Figure  8  Surface  area  occupied  by  the  filter  versus  the  width  of  its  ring 


t  (mm) 


Figure  9  Distance  between  the  edge  of  the  slotline  and  the  center  of  the  ring  versus  its  width 
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Finally,  the  percentage  bandwidth  is  presented  in  Figure  10  versus  t  at  the  same  three  values  of  bla.  The  figure  shows 
that  the  percentage  bandwidth  decreases  as  either  t  or  bla  increases.  In  consistence  with  Figure  6,  the  variation  of  t 
has  stronger  effect  on  the  percentage  bandwidth  than  that  of  bla.  It  is  clear  from  both  Figures  6  and  10  that  the 
proposed  bandpass  filter  offers  a  wide  range  of  bandwidth  variation.  For  the  selected  ranges  of  bla  and  t,  the 
percentage  bandwidth  varies  from  10%  up  to  35%. 


t  (mm) 


Figure  10  Percentage  bandwidth  of  the  proposed  filter  versus  the  width  of  its  ring 
Conclusion  : 

This  paper  presents  a  new  bandpass  filter  design.  The  proposed  filter  is  of  planar  nature  which  makes  it  consistent 
with  the  modern  microwave  systems.  A  rigorous  parameter  study  for  the  proposed  design  has  been  performed  via  a 
reliable  full-wave  commercial  software.  It  has  been  found  that  two  independent  parameters  are  affecting  the 
performance  of  the  filter.  Varying  these  parameters,  it  has  been  demonstrated  that  the  percentage  bandwidth  of  the 
filter  can  be  controlled  within  the  range  from  10%  up  to  35%.  This  makes  the  proposed  filter  suitable  for  a  wide 
range  of  microwave  applications.  At  the  selected  resonance  frequency  of  2.4  GHz,  it  has  been  also  found  that 
changing  the  independent  parameters  of  the  filter  results  in  controlling  the  surface  area  of  the  filter  from  373mm2 
down  to  182mm2.  This  feature  indicates  that  the  proposed  design  is  able  to  satisfy  the  size  reduction  requirement  of 
some  wireless  applications. 
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Abstract 

A  model  formed  by  chiral  bioplasma  with  a  set  of  macromolecules  of  DNA,  which  represents  the  human  head  inner 
structure,  makes  possible  to  analyze  its  behavior,  when  it  is  radiated  by  a  microwave  electromagnetic  field  WLAN’s. 
The  finite  difference  time  domain,  FDTD  is  used  under  multiphoton  regime  deduced  from  Maxwell  equations.  The 
numerical  results  of  the  Specific  Absorption  Rate,  SAR,  show  the  SAR  behavior  in  function  of  the  chirality  factor. 
The  main  conclusions  of  our  work  is  that  the  microwave  absorption  from  WLAN’s  systems  is  enhanced,  compared 
with  classical  models,  when  values  of  the  normalized  chiral  factor  are  of  order  of  one.  This  absorption  appears 
under  multiphoton  regime  in  the  brain  region.  To  illustrate  this  effect  in  our  simulations  we  considerer 
electromagnetic  waves  at  frequencies  of  5.2  and  5.8  GHz. 

Keywords:  chirality;  brain  tissue;  Maxwell;  FDTD;  SAR 

PACS:  41.20Jb;  02.70.Bf;  52.35;  87.15.Aa 


1.  Introduction 

Even  though  a  lot  of  work  has  been  done  there  is  still  no  complete  assessed  knowledge  about  the  interaction  between 
electromagnetic  fields  and  biological  systems  .  However,  there  is  a  general  agreement  about  the  relevance  of  the 
correct  evaluation  of  the  real  mechanism.  It  seems  clear  that  RF  fields  can  have  some  effects  on  tissue  and  it  still 
remains  to  be  determined  whether  these  effects  are  functionally  and  pathologically  significant. 

Different  models  of  human  head  range  from  simple  models,  such  as  homogeneous  sphere  to  heterogeneous 
anatomically  correct  models  based  on  magnetic  resonance  (MR)  imaging.  In  this  paper  a  FDTD  method  to 
determine  the  absorption  of  RF  waves  emitted  by  WLAN's  is  presented.  We  use  a  simple  model,  which  takes  into 
account  the  main  interaction  between  the  bioplasma  of  the  brain  neurons  and  the  microwave  radiation  of  WLAN’s 
systems.  To  address  the  problem  and  on  the  basis  of  our  previous  approach  [1-2],  our  method  have  three  main  steps: 
1)  modelling  of  human  head  through  MRI,  2)  evaluation  of  the  electromagnetic  fields  distribution  inside  the 
biological  target,  considering  the  brain  tissue  as  chiral  bioplasmatic  media,  and  3)  SAR  simulation  for  to  evaluate 
both  the  thermal  effect  and  resonant  absorption  under  multiphoton  regime.  A  explanation  of  the  theoretical  base  of 
the  technique  used  and  description  of  the  models  are  given  in  section  2.  Results  comparing  the  computed  SAR  values 
in  the  different  models  are  shown  and  discussed  in  the  section  3.  Finally,  conclusions  are  presented. 

2.  Fundamentals  and  models 

By  looking  a  special  natural  chiroplasma  like  a  citoplasma  in  the  human  brain  the  multiphoton  mechanism  can 
provide  a  new  approach  of  the  problem  of  absorption  in  the  human  brain.  Here  the  eigenfrequency  of  collective  twist 
excitation  in  proteins,  DNA  and  other  biological  chain  molecules  can  be  in  the  gigahertz  range  [3-5]. 

Here,  we  assume  that  the  electrons  within  chiral  molecules  oscillate  along  a  helix  and  from  the  averaged  electric 
current  [1]  we  can  find  the  polarization  (P)  and  the  magnetization  (M)  which  in  a  helical  geometry  may  be 
proportional  to  KxE  (KxH)  respectively.  For  typical  double  helices,  giving  the  moment  of  inertia  per  unit  length,  the 
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torsional  factor  and  the  length  of  a  typical  chain  (I,  tor,  L),  and  following  [3],  For  double  stranded  DNA  we  estimate 
I  =  300  auA°,  torsion  constant  of  0.8  ev/A°,  and  L  between  200  A°  and  2000  A°  the  frequency  falls  in  the  interval 
between  1  GHz  and  10  GHz  [4]-[5].  Similar  results  we  can  obtain  using  the  Ford’s  model  [7], 

In  this  work  we  propose  that  when  the  multiphoton  effect  is  considered,  this  microscopic  problem  is  reflected  at 
macroscopic  level  as  thermal  absorption  combined  with  resonant  absorption.  Here,  besides  the  tissue  conductivity 
and  dielectric  permittivity  we  considerer  the  chiral  effect  caused  by  the  interaction  of  microwaves  and  biomolecules 
of  DNA.  The  chiral  wave  propagation  in  bounded  helical  stmctures  may  support  mode  excitation,  mode  interactions, 
mode  conversion  and  amplification  of  molecular  chirality  by  eigenwaves  in  a  bioplasma  [6] 


This  chiral  effect  in  the  brain  is  considered  in  this  work  as  a  macroscopic  mechanism  where  the  typical  cell 
membrane  of  brain  is  a  fluid  bilipid  layer  with  a  lot  big  chiral  protein  molecules  embedded  in  it.  Every  protein 
molecule  is  polar  and  will  tend  to  align  itself  with  an  electric  field  and  often  helical  rotate  in  its  socket,  so  any 
volume  of  brain  tissue  must  have  a  lot  of  cells  bearing  protein  molecules  that  happen  to  resonate  at  its 
eigenfrequency  which  can  be  similar  to  the  microwave  frequency  f  or  when  there  are  n-  multiphoton  interaction  the 
eigenfrequency  can  resonate  with  nf.  By  contrast  with  ionizing  radiation  which  damage  to  genetic  stmctures  of  cells, 
microwave  may  span  thousands  of  cells  with  a  single  wavelength.  Microwaves  set  up  current  in  tissue,  and  any 
noticeable  effect  of  such  current  would  involve  many,  many  of  the  relatively  weak  microwave  photons,  damage,  if 
any,  would  be  all  over  the  path  of  the  current  and  would  be  numerous  cells  in  extend,  so  damage  to  general 
cytoplasm,  mitochondria,  and  so  forth  would  seem  likely  to  be  more  salient  than  damage  to  genetic  stmcture. 
Accordingly  with  the  above  discussion,  we  apply  the  Maxwell's  equations  to  sets  of  microtubules  and  helical 
molecules  embedded  in  a  substrate,  characterized  by  a  global  chirality  factor,  T  ,  (equation  1).  Chiral  media  can  be 
characterized  by  a  generalized  set  of  constitutive  relations  in  which  the  electric  and  magnetic  fields  are  coupled.  In 
this  paper,  we  consider  the  Born-Fedorov  approach 


D  v  =  s0SrE  +  £0£,T 


dE  dE 

z,x,y  y,Z,x 


dy,z,x  dz,x,y 


;  Bw.  =MoHx,y,z  +  MoT 


8Hz,x,y  8Hyzx 


dy,z,x  dz,x,y 


(1) 


where  s,  /u  and  T  (meter)  are  the  permittivity,  permeabilitty  and  the  chiral  scalar  respectively.  Solving  Maxwell' 
equations  for  a  plane  electromagnetic  wave  of  frequency  (O  (  CO  =  ktV  =  Itt f  ,  kt  is  the  tissue  wavenumber  and 
vis  the  phase  velocity)  propagating  in  a  chiral  medium,  it  can  be  shown  that  the  left-  and  right  hand  circularly 
polarized  waves  have  different  wavenumbers,  k  =  kt  /(l  +  ktT),  k  =  kt  /(l  —  ktT)  respectively  [2],  The  chiral 
parameter  T  has  the  dimension  of  a  length,  which  in  an  exactly  solvable  two  helical  model  for  a  set  of  oriented 
handed  molecules,  is  proportional  to  f3Nh~ap .  Here,  [3  is  some  coefficient  determined  by  the  internal  elasticity  of 
a  molecule,  N  is  the  number  density  of  molecules  of  radius  and  a  pitch  h  with  the  charge  p  per  unit  length  of  each 
[1]. 

Using  the  MKS  system  of  units,  the  following  system  of  scalar  equations  is  the  set  of  Maxwell’s  equations  in  the 
rectangular  coordinate  system  (x,  y,  z): 
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where  (7  (mho/m)  is  the  tissue  electrical  conductivity.  The  main  difficulty  for  an  analytic  treatment  of  this  system  is 
in  the  partial  derivatives  of  space  and  time  in  which  the  chiral  parameter  T  is  present.  For  this  reason,  equations  (2)- 
(3)  can’t  be  reduced  to  a  typical  differential  equation  with  known  solution.  In  our  formulation,  the  second  order 
approximation  of  Mur  is  used  for  the  near-field  irradiation  problems  in  an  achiral-chiral  interface  case.  After 
calculation  of  the  induced  chiral  electric  field  by  the  FDTD  method,  the  local  specific  absorption  rate  SAR,  is 
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calculated  as 


SAR.JT) 


ai,j  Er 


— ;  with  Er  .  .  (T) 


(4) 


3.  SAR  simulation  and  analysis  of  results 

For  the  numerical  calculation  we  normalize  the  chiral  factor  as  kT  where  k  is  the  wave  number  in  the  tissue  layer, 
in  some  case  it  may  be  kt  =  nkQ  ,  (  k{)  =  CO /  c  i s  the  vacuum  wave  number),  with  n  =  1,  2,  3. .  .n.  It  is  necessary 
to  take  into  account  the  multiphoton  absorption  when  the  resonance  absorption  at  macromolecular  level  become 
important.  For  the  brain  we  considerer  k  =  kh/(  1  —  kbT)  because,  the  clusters  of  DNA  molecules  have  eigenwaves 

like  right  hand  circularly  polarized  waves  and  for  the  rest  of  tissues  we  considerer  kT  =  ktT  =  0  .  The  values  for 

kT  are  choose  by  considering  T  ~  /3Nh~ap  ~  1  — 10pm ,  k  =kb  /(I  —khT)  »  kb  ~  koyjs^  ,  knT  is  of  the 

order  of  10  4  -10  3  so  when  the  multiphoton  effect  appears,  khT  «  nkQT  ,  1  —  nk0T  <  1  and  then  kT  is  of 

order  of  one  and  this  effect  increases  when  kT  increases  Here  we  suppose  that  the  macromolecules  vibrations  of  the 
helical  structures  inside  typical  brain  cells  are  likely  to  lead  to  reasonably  absorption  enhanced  by  the  proteinic  water 
in  which  these  molecules  are  immersed  (induced  chirality). 

Stages  of  the  bioplasmatic  model  for  SAR  determination  are  shown  in  reference  [1],  Using  the  linear  FDTD 
algorithm  with  chirality,  obtained  from  equations  (4)  simulations  for  the  mobile  phones  microwave  spectrum  are 
made.  The  model  of  human  head  was  constructed  with  540,000  cubic  cells  of  2.5  mm  side  each.  The  total  number  of 
layers,  counted  from  the  bottom  of  head,  used  in  this  model  was  54.  Here  we  choose  the  layers  34,  35  and  36, 
because  there  are  great  concentrations  of  brain  tissue.  The  figure  1  shows  these  layers  in  digitalized  version  (matrix 
of  100x100),  likewise  is  exhibited  the  antenna  position.  Both,  the  dielectric  constant  and  the  conductivity  of  the  brain 
were  obtained  from  literature  [9-10].  In  order  to  study  and  isolate  the  chiral  effect,  calculations  are  made  for  plane 
wave  assumption,  powers  of  0.1  W  were  used,  at  frequencies  of  5.2  and  5.8  GHz  respectively.  Four  types  of  tissues 
(skin,  bone,  blood  and  brain)  are  considered.  Simulations  were  made  in  a  systematic  way,  in  order  to  determine  the 
effect  that  the  variation  of  the  chiral  coefficient  have  over  the  absorption  of  coefficient  SAR  and  results,  for  layer 
35th,  are  shown  in  figures  2-3.  Owing  to  the  different  electromagnetic  properties  of  the  tissues  the  power  absorption 
is  not  a  monotonically  decreasing  function  of  depth.  For  kT  =  0,  absorption  is  highest  in  the  skin,  low  in  the  skull, 
but  higher  again  in  the  brain.  These  curves  were  obtained  performing  similar  simulations  and  then  obtaining  a 
statistical  average  of  the  SAR.  As  the  wave  penetrates  the  head,  it  traverses  the  different  parts  of  which  the  head 
model  is  made  and  the  value  of  the  SAR  is  attenuated  quickly  due  to  the  change  in  medium  and  the  increase  of  the 
distance  from  the  emitting  source  (antenna).  SAR  maximum  (hot  point)  is  in  outer  part  (skin).  After  passing  through 
the  bone  level,  the  SAR  is  much  attenuated  (between  cells  5  and  10)  and  around  cell  10,  the  SAR  increases  at  brain 
level.  Here,  starting  on  cell  10  approximately  is  important  to  analyze  the  performance  of  our  bioplasmatic  model. 

The  profile  of  the  SAR  for  35th  layer,  at  5.2  GHz,  as  function  of  distance  for  different  values  of  chiral  factor  kT,  is 
showed  in  figure  2,  where  the  variation  is  observed  for  0  <  kT  <  3.0  values  of  chiral  factor.  A  SAR  of  0,48  W/kg,  is 
observed  in  the  brain  region,  for  a  null  chiral  factor  ( kT  =  0).  For  kT  =  1  the  SAR  found  was  0,65  W/kg,  an  increase 
of  35%  with  respect  to  the  achiral  case  (kT  =  0)  and  a  SAR  of  0.75  W/kg  was  found  for  kT  =  3.0,  with  an  increase 
56%.  This  increase  corresponds  to  the  power  absorbed  by  the  brain  region. 

Figures  3  shows  the  distribution  of  the  SAR  for  35th  layer,  as  function  of  distance,  for  different  values  of  the  chiral 
factor  when  the  work  frequency  is  5.8  GHz.  The  maximum  SAR  found,  in  the  blood-brain  region,  was  0.6  W/kg  for 
to  kT  =  0  and  0.8  W/kg  for  kT  =  1,  i.e.  an  increase  of  33%  with  respect  to  the  achiral  case.  For  a  high  value  of  chiral 
factor,  kT  =  3.0,  the  maximum  SAR  found  was  0.93  W/kg  with  an  increase  of  55%.  Also,  this  increase  corresponds 
to  the  power  absorbed  by  the  brain  region.  Following  the  same  procedure,  similar  results  for  the  layers  34  and  36  are 
obtained.  Here  with  kT=3  we  have  an  enhanced  multiphoton  effect  which  is  reflected  in  strong  absorption, 
SAR=0.93  (5.8GHz). 

Apparently  the  SAR  appears  to  increase  as  the  square  root  of  the  power,  because  in  the  numerical  calculation  as 
initial  condition  we  start  with  an  initial  varying  electric  field  Et  =  (V  /  A)  sin  cot  where  the  voltage  is  proportional 

to  the  square  root  of  the  power  with  constant  impedance  [5].  Important  results  are  the  values  of  SAR  obtained  for  5.2 
and  5.8  GHz,  where  a  remarkable  characteristic  is  found:  at  higher  frequency  the  absorption  is  bigger  in  the  brain 
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tissue  where  a  lower  absorption  by  skin  effect  was  expected. 

The  classical  skin  effect  does  not  occur  in  our  simulation,  because  the  effective  induced  current  penetrate  inside 
the  head  where  the  multiphoton  resonance  is  active. 

This  “inverse  skin  effect”  phenomenon  is  verified  in  the  brain  layers,  as  shown  in  figures  2  and  3,  where  it  is 
possible  to  observe  that  in  all  cases,  for  any  chiral  factor  and  input  power  values,  the  maximum  SAR  at  5.8  GHz  is 
larger  than  at  5.2  GHz. 

4.  Conclusions 

A  bioplasmatic  chiral  model  of  the  human  head  has  been  presented  that  allows  determination  and  evaluation  of  the 
absorption  induced  by  the  radiation  of  cellular  phone.  After  having  obtained  the  digitalized  layers  of  correspondent 
MR  images,  the  electromagnetic  fields  radiated  were  determined  firstly  by  means  of  the  FDTD  technique  and  then 
the  specific  absorption  coefficient  (SAR).  It  is  shown  that  the  use  of  a  more  realistic  model  of  the  human  head, 
derived  from  the  magnetic  resonance  of  images  allows  for  improved  determination  of  the  chiral  near  fields  induced 
in  the  head. 

Using  the  proposed  bioplasmatic  chiral  model,  the  simulation  of  SAR  distribution  in  layers  with  high  quantity  of 
brain  tissue  (layers  34,  35  and  36)  was  made.  These  results  shows  that  the  power  absorbed  by  the  head  increases  with 
the  chiral  factor.  Other  important  result  found  is  that  the  absorption  at  5.8  GHz,  in  the  brain  tissue,  is  larger  that  at 
5.2  GHz,  therefore  there  is  an  effect  like  an  “inverse  skin  effect”  phenomenon.  In  this  calculation  it  is  not  possible 
that  chain  molecule  can  alter  their  conformation  and  a  breaking  of  the  chain  can  result  having  in  mind  the  restricting 
forces  which  are  higher  than  the  EM  forces. 

Here  we  are  studied  a  more  elaborated  model  of  the  head  (with  chiral  effect),  but  with  a  simple  model  for  the 
antenna.  For  real  antennas  the  proximity  of  tissue  clearly  alter  the  radiation  pattern,  the  antenna  gain  and  the  input 
impedance  a  more  general  numerical  simulation  techniques  and  an  accurate  model  have  to  be  developed.  However 
for  left-hand  circular,  right-hand  circular  and  helical  antennas,  now  available  for  isotropic  and  omni-directional 
radiation,  our  analysis  on  SAR  have  correct  conclusions  regarding  the  chiral  effect.  Certainly  for  systems  to  greater 
frequencies  (wireless  LANs)  the  chiral  effect  will  be  more  pronounced.  This  makes  it  worth  to  check  the  first 
results  by  means  of  still  more  advanced  models. 

Acknowledgments 

The  authors  thank  the  University  of  Tarapaca  Projects:  8721-06  and  8722-06. 

References 

[1]  Torres-Silva  H  and  Zamorano  M.  2003.  SAR  simulation  for  chiral  waves  in  head  model.  Revista 
Facultad  de  Ingenieria  UTA,  Vol.  11,  pp.  3-11. 

[2]  Torres-Silva  H  and  Zamorano  M.  2003.  Chiral  Effect  on  Optical  Soliton,  The  Journal  Mathematics  and 
Computers  in  Simulation,  Vol.  62,  pp.  149-161. 

[3]  Bhor  H.  1997.  Molecular  wring  resonances  in  chain  molecules,  Bioelectromagnetics,  Vol.  18,  pp.  187- 
189. 

[4]  Davis  C  C  and  Swicird  M  L,  1982.  Microwaves  absorption  of  DNA  between  8  and  12  GHz, 

Biopolymers  Vol.  21,  pp.  2453. 

[5]  Edwards  G  S  et  al,  1984.  Resonant  of  selected  DNA  molecules.  Physical  review  letters  53,  pp.  1248- 
1287. 

[6]  Nina  P.  et  al,  1996.  Dynamic  control  and  amplification  of  molecular  chirality  by  circular  polarized  light, 
Science,  Vol.  273,  pp.  1686-1688 

[7]  Ford  L  H.  2003.  An  estimate  of  the  vibrational  frequencies  of  spherical  vims  particles, 
arXiv:physics/0303089,  Vol.  1. 

[8]  Belyaev  Y  I  et  al,  2000.  Nonthermal  Effects  of  Extremely  High-Frequency  Microwaves  on  Chromatin 
Conformation  in  Cells  in  vitro  -  Dependence  on  Physical,  Physiological,  and  Genetic  Factors,  IEEE 
Transactions  on  Microwave  Theory  and  techniques,  Vol.  48,  pp.  2172-2179. 

[9]  Bemardi  P.  Cavagnaro  and  Pisa  S.  1997.  Assessment  of  the  potential  risk  exposed  to  millimeter-wave 
wireless  LANs  Wireless  networks  Vol.  3,  pp.  511-517. 

[10]  Taflove  A  and  Hagness  SC,  Ed.  2000.  Computational  Electrodynamics:  The  Finite-Difference  Time 
Domain  Method,  Artech  House,  pp.  35-171. 


1355 


H.  Torres-Silva  ,  M.  Zamorano 


figures  caption 

Fig.  la,b,c  The  structure  of  layer  34th,  35th  and  36th. 

Fig.  2  SAR  variation  as  function  of  the  transverse  distance,  for  0  <  kT <  3.0  at  5.2  GHz.  Layer  35th. 
Fig.  3  SAR  variation,  as  function  of  the  transverse  distance,  for  0  <kT  <  3.0  at  5.8  GHz.  Layer  35th. 


20  40  60  00  100 


Fig  1 


1356 


SAR  [W/kg]  SAR  [W/Kg] 


Multiphoton  absorption  in  chiral  brain  under  microwave  radiation  from  WLAN’s 

systems 


figure2 


figure  3 


1357 


INCREASE  OF  CELL  DEATH  IN  SUSPENTION-CULTURED 
TOBACCO  CELLS  FOLLOWING  EXPOSURE  TO  STATIC 

MAGNETIC  FIELD 

PARVIZ  ABDOLMALEKI,  FAEZEH  GHANATI 


FACULTY  OF  SCIENCE,  TARBIAT  MODARES  UNIVERSITY,  P.O.  BOX 

14115/175,  TEHRAN,  IRAN. 


Despite  to  studies  demonstrating  the  effect  of  static  magnetic  field  (SMS)  on  animal  and/or  human  cell  death 
fewer  studies  have  been  conducted  on  plant  cells.  In  the  present  study  suspension  cultures  of  tobacco  cell  in  the 
exponential  phase  of  the  growth  were  exposed  continuously  for  5  days  each  5  hours  to  SMF  of  10  and  30  mT. 
The  viability,  lipid  proxidation  as  well  as  morphological  features  of  the  cells  were  then  studied  and  compared  to 
those  of  the  control  cells.  The  level  of  peroxidation  of  membrane  lipids  in  the  treated  cells  was  significantly 
increased  compared  to  those  of  non-exposed  (control)  cells  while  the  viability  of  the  treated  cells  was  decreased. 
In  addition,  certain  characteristics  of  programmed  cell  death  (PCD)  or  necrosis  e.g.,  vacuolization  and 
fragmentation  of  nucleus  were  remarkably  visible  in  the  treated  cells,  compared  to  the  control  cells  which  had 
intact  nuclei  with  clear  nucleoli.  The  control  cells  also  excluded  ethidium  bromide  from  their  walls,  whereas 
most  of  the  treated  cells  allowed  ethidium  bromide  to  penetrate  into  the  cells,  emphasizing  induction  of  cell 
death  by  magnetic  field.  Our  result  suggests  that  SMF  can  increase  the  rate  of  death  in  tobacco  cells. 

Introduction 

Electromagnetic  fields  (EMF)  are  widely  distributed  in  the  environment  and  their  effects  are  increasing  with  the 
burgeoning  development  of  electrical  machines  [1,  2],  This  make  the  concern  about  the  possible  risk  of 
functional  disorders  in  biological  systems  being  growing.  Results  of  the  numerous  experimental, 
epidemiological  and  theoretical  studies  are  rather  controversial,  and  in  all  areas  so  far,  no  unanimous 
conclusions  have  been  reached  [1-3].  Several  studies  on  bacterial  and  animal  cells  have  shown  that  EMF  exert 
influence  on  a  large  variety  of  cellular  functions,  nevertheless  the  exact  mechanism  of  the  interaction  with  living 
cells  are  still  unclear  [4,  5]. 

Considering  the  cell  as  an  electrical  system  provide  a  framework  to  investigate  the  exact  mechanisms  of  the 
effect  of  the  electric,  magnetic  and  electromagnetic  fields  in  the  physiological  behavior  of  the  cell.  Taking  into 
consideration  the  previous  reports  on  the  presence  of  window  effect  this  question  raised  whether  or  not  a  cell 
absorbed  the  energy  in  EMF  like  a  receiver  which  work  in  a  special  band  of  frequency.  If  it  is  positive  these 
fields  can  therefore  act  like  primary  messengers  such  as  hormones.  Then  it  is  justified  to  say  that  the  cells 
respond  to  physical  stimulus  (like  EMF)  in  the  same  way  that  they  respond  to  the  hormones.  Also,  it  would  be 
helpful  to  understand  whether  the  exposure  of  cells  to  the  magnetic  fields  has  any  effect  on  the  apoptosis.  In  the 
other  words  the  magnetic  field  works  as  pro-apoptosis  factor  or  as  anti-apoptosis  factor.  If  the  MF  had  a  pro¬ 
apoptosis  role  it  will  be  useful  in  cancer  treatment  because  one  possible  mechanism  through  which  cells  are 
prompted  to  develop  cancer  is  the  disruption  of  the  equilibrium  between  the  processes  of  proliferation  and 
apoptosis  [6,7.  However,  apoptosis  is  a  part  of  normal  cell  physiology  which  includes  both  proliferation  and 
differentiation.  It  is  a  major  component  of  both  normal  cell  development  and  disease.  The  morphological 
demonstration  of  apoptosis  is  characterized  by  rapid  condensation  of  the  cytoplasm  and  nuclear  chromatin, 
resulting  in  DNA  fragmentation  and  membrane  blebbing  followed  by  fragmentation  of  the  cells  into  apoptotic 
bodies,  made  up  of  condensed  cytoplasm,  nuclear  material  and/or  whole  organelles  surrounded  by  intact  plasma 
membranes.  [7-9]. 

There  are  reports  about  the  short-term  EMF  exposure  that  elicited  an  immune  response  [10].  A  potential  link 
between  EMF  and  its  effects  on  living  organisms  is  the  fact  that  EMF  causes  an  oxidative  stress  i.e.,  increase  in 
the  activity,  concentration,  and  life  time  of  free  radicals  [11-13].  Oxidative  stress  is  a  function  of  oxidative 
metabolites,  free  radicals  and  reactive  oxygen  species  (ROS)  which  are  highly  reactive  by-products  of  normal 
metabolism  and  immune  defense  [11-13].  It  brings  changes  in  enzyme  activity,  gene  expression,  and  release  of 
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calcium  from  intracellular  storage  sites.  Oxidative  stress  also  affects  membrane  structure,  cell  growth,  and  cell 
death,  thereby  contribute  to  cancers  and  leukemia  [11-14], 

Less  studies  of  this  kind  have  been  conducted  on  plant  cells  and  few  available  literatures,  have  particularly 
directed  their  attention  to  the  effects  of  magnetic  fields  on  the  germination  of  seeds,  pollen  germination  and 
plant  growth  and  development  [15,  16]. 

The  goal  of  the  present  study  was  to  determine  a  potential  relationship  between  viability,  lipid  proxidation  as 
well  as  morphological  features  of  the  suspension-cultured  tobacco  cells  which  exposed  to  static  magnetic  fields. 
It  may  help  us  to  improve  the  general  knowledge  about  mechanism(s)  of  the  responses  of  the  living  systems  to 
EMF. 

Suspension  cultures  established  from  calli  of  tobacco  cells  (Nicotiana  tabacum  L.  cv.  Burley  21)  that  had  been 
maintained  in  our  laboratory  for  52  subcultures.  Both  calli  and  subsequent  suspensions  were  grown  in  a 
modified  Murashige  and  Skoog  medium  without  glycine  and  containing  3%  sucrose.  The  medium  was 
containing:  (NH4)N03  20.61  mM;  KH2P04,  1.25  mM;  CaC12,  2.99  mM;  MgS04,  1.50  mM;  MnS04,  0.1 
mM;  Fe-EDTA,  0.1  mM;  H3B03,  0.1  mM;  CoC12,  0.11  |iM  ;  CuS04,  0.1  pM;;  Na2Mo04  pM,  1.03;  ZnS04, 
29.91  liM  ,  KI,  5  liM  .  pH  was  adjusted  to  5.8.  All  chemicals  were  purchased  from  Sigma,  Japan.  Suspension- 
cultured  cells  were  grown  at  25  °C  in  darkness  on  an  orbital  shaker  at  120  rpm  and  were  sub-cultured  every  7 
day,  when  they  were  still  in  their  logarithmic  growth  phase  [17].  Frequent  subcultures  provided  us  homogenous 
and  undifferentiated  batches  of  tobacco  cells  that  no  longer  have  kept  their  original  properties  and  their 
physiological  response  to  EMF  could  resemble  physiological  response  of  plant  cells  regardless  of  their  species. 
Exposure  to  EMF  was  performed  by  a  locally  designed  EMF  generator  The  electrical  power  was  provided  using 
a  220  V  AC  power  supply  equipped  with  variable  transformer  as  well  as  a  single-phase  full-wave  rectifier.  The 
maximum  power  and  passing  current  were  1  KW  and  50  A  DC,  respectively.  This  system  was  designed  to 
generate  EMF  in  range  of  0.5  pT  -  30  mT  with  stable  conditions.  It  consisted  of  two  coils  (each  3000  turns  of  3 
mm  copper  wire)  equipped  with  a  U-shaped  laminated  iron  core  (to  prevent  eddy  current  losses).  Using  two 
vertical  connectors,  the  arms  of  the  U-shaped  iron  core  were  terminated  to  four  circular  iron  plates  covered  with 
thin  layer  of  Nickel  (each  23  mm  thickness,  260  cm  in  diameter).  A  water  circulation  system  around  the  coils 
was  employed  to  avoid  the  increase  of  the  temperature.  The  temperature  between  the  circular  iron  plates 
(exposure  sites  of  samples)  ,measured  by  a  thermometer,  was  almost  the  same  as  other  parts  of  the  room  (e.g., 
the  site  of  the  control  cells)  ±1°C.  Nevertheless,  the  control  cells  were  kept  far  enough  from  the  apparatus,  to 
avoid  any  potential  exposure  to  the  magnetic  field  from  aforesaid  generator.  Since  no  other  appliance  was 
working,  the  control  samples  were  only  exposed  to  the  extremely  low  MF  of  the  earth,  as  the  treatment  group 
was  too. 

An  electronic  board  was  used  to  stabilize  the  system  so  that  we  always  got  a  uniform  MF.  Calibration  of  the 
system  as  well  as  tests  for  the  accuracy  and  uniformity  of  the  magnetic  fields  were  performed  by  a  teslameter 
(PHYWE,  Germany)  with  a  probe  type  of  Hall  Sound.  The  accuracy  of  the  system  was  +0.1%  for  static  field 
and  the  range  of  measurements  was  3  pT  -  30  mT. 

It  is  generally  accepted  that  household  and  office  levels  of  magnetic  fields  vary  between  0.01  to  0.1  mT  and 
levels  near  a  power  transmission  line  are  between  10-30mT  and  much  higher  levels  are  expected  in  occupational 
exposures  [18].  A  magnetic  field  of  30mT  is  also  a  limit  requiring  controlled  access  -  being  a  level  at  which 
magnetic  materials  may  move  under  the  influence  of  a  field.  Therefore,  the  present  study  was  undertaken  to  test 
the  effects  of  10  and  30  mT  on  plant  cells.  The  cells  in  their  exponential  growth  phase  were  continuously 
exposed  to  EMF  by  magnitudes  of  10  or  30mT,  for  5  days  (from  day  3  to  7).  After  the  period  of  treatment  the 
cells  were  harvested  and  frozen  in  liquid  N2  and  kept  at  -  80  °C  until  used  for  biochemical  analysis. 

Viability  of  both  treated  and  control  samples  of  the  suspension-cultured  tobacco  cells  was  obtained  by  staining 
the  cells  with  0.1%  aqueous  solution  of  Evans  Blue  for  3  min  and  washed  with  deionized  water.  Then  it  was 
observed  using  a  light  microscope  (Olympus,  BH2,  Japan)  with  different  magnifications.  The  cells  with 
complete  blue  color  was  considered  dead  and  the  ones  in  which  the  membrane  inhibited  insertion  of  the  blue 
dye  was  considered  live.  Consequently  by  counting  the  live  and  dead  cells  the  viability  of  both  treated  as  well  as 
the  control  cells  was  obtained. 

Level  of  damage  of  membranes  was  determined  by  measuring  malonyldealdehyde  (MDA)  as  the  end  product 
of  peroxidation  of  membrane  lipids  [19].  In  brief,  samples  were  homogenized  in  an  aqueous  solution  of 
trichloroacetic  acid  (TCA)  (10%  w/v)  and  aliquots  of  the  filtrates  were  heated  in  0.25%  thiobarbituric  acid 
(TBA).  The  amount  of  MDA  was  determined  from  the  absorbance  at  532  nm  followed  by  correction  for  the 
nonspecific  absorbance  at  600  nm.  The  amount  of  MDA-TBA  complex  was  calculated  from  the  extinction 
coefficient  155mM- lcm- land  expressed  against  mg  of  protein. 

Cell  wall  preparations  were  obtained  by  homogenization  of  frozen  samples  in  water  with  a  mortar  and  pestle 
followed  by  centrifugation  at  lOOOg  and  sequential  washing  of  the  pellet  with  EtOH,  CHC13-MeOH  (2:  1)  and 
acetone  and  then  drying  in  air.  Lignin  content  of  wall  preparations  was  measured  via  a  modified  acetyl  bromide 
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procedure.  The  lignin  content  was  determined  by  measuring  of  absorbance  at  280  nm  using  specific  absorption 
coefficient  value  20.0  g-1  liter  cm  -1. 

Cells  were  stained  with  acridine  orange  (lOpg/mL  distilled  water)  or  ethidium  bromide  (lOpg/mL  distilled 
water)  to  extract  the  morphological  features  of  both  treated  and  control  cells.  Observations  were  made  with  an 
Olympus  BH2  fluorescence  microscope  equipped  with  filter  combinations  WU  (330-385-nm  excitation  and 
420-nm  barrier  filters)  and  WB  V  (400-  to  440-nm  excitation  and  475-nm  barrier  filters). 

All  of  the  experiments  were  carried  out  with  at  least  three  independent  repetitions,  each  three  samples,  and  all 
data  were  expressed  as  the  mean  values  +  standard  deviation  (SD).  Statistical  analysis  was  performed  using 
Student's  t-  Test  and  the  differences  between  treatments  were  expressed  as  significant  at  level  of  P<0.05. 

The  tobacco  cells  in  suspension  culture  were  seen  in  different  shapes  such  as  round,  cylindrical  as  well  as 
ellipse  (Figure  1).  As  mentioned  in  material  and  method  we  exposed  the  prepared  cells  in  exponential  phase 
which  started  from  day  3-8  (Figure  2).  The  dimension  of  these  cells  is  presented  in  table  1.  Our  results  showed 
that  the  average  size  of  the  treated  cells  with  both  10  and  30  mT  SMF  was  significantly  decreased  compared  to 
the  control  cells.  Although,  the  growth  rate  of  the  treated  cells  decreased  compared  to  the  control  cells  by 
measuring  the  weight  of  cells,  but  it  was  not  significant  (Table  1).  Exposure  to  SMF  significantly  increased  the 
level  of  the  peroxidation  of  membrane  lipids  of  suspension-cultured  tobacco  cells,  compared  to  those  of  non- 
exposed  (control)  cells.  The  MDA  level  did  not  show  a  noticeable  difference  in  both  10  and  30  mT. 

Figure  3  shows  the  MDA  level  in  treated  cells  compared  with  the  control  cells.  The  obtained  average  for  MDA 
level  on  treatment  group  (10  mT)  was  1.16  +  0.03  (MDA/g  Fw)  while  the  obtained  average  for  MDA  level  on 
control  group  was  0.89+0.02  (MDA/g  Fw).  Similarly,  the  obtained  average  for  MDA  level  on  treatment  group 
(30  mT)  was  1.13+0.04  (MDA/g  Fw)  while  the  obtained  average  for  MDA  level  on  control  group  was 
0.84+0.12  (MDA/g  Fw).  However,  there  was  not  significant  difference  between  the  levels  of  lipid  peroxidation 
of  10  and  30  mT  of  SMF-exposed  cells. 

Figure  4  shows  the  lignin  content  of  wall  in  treated  cells  compared  with  the  control  cells.  The  results  showed 
that  the  exposure  of  the  magnetic  field  caused  a  significant  increase  in  the  lignin  content  of  wall  in  treated  cells 
(n=24)  compared  with  the  controls  (n=24).  However  the  lignin  content  did  not  show  a  noticeable  difference  in 
both  10  and  30  mT.  The  obtained  average  for  lignin  content  on  treated  groups  (10  and  30  mT)  were  7.09  +  0.45 
and  6.96  +  0.08,  respectively.  While  the  obtained  average  for  lignin  content  on  control  groups  were  6.17+0.26 
and  5.7  +0.06,  respectively. 

The  viability  of  the  treated  cells  as  well  as  control  cells  using  Evans  Blue  and  ethidium  bromide  were  presented 
in  figure  5  and  6.  These  results  showed  that  the  viability  of  the  treated  cell  (30  mT)  was  approximately  68% 
while  the  viability  of  treated  cells  (10  mT)  was  72%.  The  viability  of  the  control  cells  was  84%. 

Certain  characteristics  of  programmed  cell  death  (PCD)  or  necrosis  e.g.,  nuclear  vacuolization  and 
fragmentation  were  observed  in  tobacco  cells  exposed  to  the  static  magnetic  fields  (Figure  7A,  Figure  7B), 
compared  to  the  control  cells  who  had  intact  nuclei  with  clearly  visible  nucleoli  (Fig.7D).  The  latter  also 
excluded  ethidium  bromide  in  their  walls  (Figure  6),  whereas  most  of  the  magnetic  field-exposed  cells  allowed 
ethidium  bromide  to  penetrate  into  the  cells,  emphasizing  induction  of  cell  death  by  magnetic  field  (Figure  7) 


Table  1:  demonstrating  the  obtained  average  diementions  and  weight  of  treated  cells  compared  with  control 
cells. 


SMF(mT) 

Diameter(pm) 

Weight(g/flask) 

Width 

Fength 

0 

48.2+13“ 

40.5+12.5“ 

13.3±.22a 

10 

37.8±10.8b 

33.6±8.3b 

12. 1  ±  1 .01 a 

0 

41.8±17.9a 

49. 2+10. 8a 

11.6+1.07“ 

30 

29.3±5.9b 

37.2+10. 2b 

10.9+1.06“ 

Different  letters  refer  to  significant  differences  at  the  level  of  p<0.05  according  to  student  t-test. 
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Figure  1:  A  tobacco  cell  under  the  light  microscope  showing  cell  wall  (CW),  nucleus  (Nu),  and  Cytoplasmic 
strands  (CS),  X660. 
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Figure  2:  Growth  curve  of  suspension-cultured  tobacco  cells. 
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Figure  3.  Effect  of  SMF  on  the  rate  of  lipid  peroxidation  of  suspension-cultured  tobacco  cells.  Data  are  means  + 
SD,  n=3.  Signs  with  different  letters  in  each  group  indicate  significant  differences  at  P  <  0.05  according  to 
Student's  t-Test. 
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Figure  4.Effects  of  lOmTand  30mT  SMF  5h  for  5day  on  lignin  content  in  tobacco  cell.  Each  column  indicates 
the  mean  ±  SD,  n=3. 
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Figure  5:  Showing  the  viability  of  treated  cells  (C  and  D)  compared  with  the  control  cells  (A  and  B),  A-C, 
X330;  D,  X660. 
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Figure  6.  Penetration  of  ethidium  bromide  in  dead  cells  after  exposure  to  magnetic  field  (A),  compared  to  the 
control  cells  where  excluded  dye  in  their  walls  (B).  Magnifications  of  both  X  660. 
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Figure  7.  Morphological  features  of  suspension-cultured  tobacco  cells  exposed  to  static  magnetic  fields. 
Cleavage  of  nucleus  of  tobacco  cells  exposed  to  10  (A)  and  30  mT  static  magnetic  fields  (B,  C),  compared  to 
the  control  cells  with  intact  nuclei  and  clearly  visible  nucleoli  (D).  Cells  were  stained  with  acridine  orange  and 
observed  under  epifluorescence  microscope.  Magnifications  of  A,  X1320  and  of  B,  C,  and  D,  X660. 
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Summary 

Electromagnetic  fields  for  many  years  were  considered  as  an  absolutely  neutral  form  of  radiation,  but 
epidemiological  data  and  results  of  experimental  in  vivo  studies  have  attracted  more  attention  to  the  biological 
effects  of  EMF.  Primary  action  of  SMF  in  biological  systems  is  the  induction  of  electrical  charges  and  currents 
[18],  One  of  the  major  molecular  effects  of  magnetic  fields  is  their  influence  on  nuclear  spins  of  paramagnetic 
molecules.  This  mechanism  plays  an  important  role  when  in  the  course  of  a  chemical  reaction  the  chemical 
bound  is  disrupted  and  two  molecules  with  unpaired  electrons  are  formed  (a  pair  of  radicals).  Depending  on 
their  spin  orientations,  radical  recombination  or  diffusion  and  formation  of  free  radicals  (e.g..  Oxygen  radicals) 
may  take  place  [20].  The  radical  pairs  may  be  affected  for  a  long  and  continuous  time  interval  by  the  static 
magnetic  field  [21].  This  may  extend  the  life  time  of  the  free  radical  and  its  potential  damage  could  be 
exaggerated.  Although  formed  in  normal  cell  metabolism,  free  radicals  are  potentially  damaging  and  can  initiate 
chain  reactions  to  form  new  free  radicals.  A  main  protective  role  against  free  radicals  is  attributed  to  SOD  in 
catalyzing  and  dismutation  of  superoxide  anions  to  02  and  H202  [22].  We  showed  somewhere  else  that  the 
exposure  to  SMF  increased  the  activity  of  SOD  in  tobacco  cells  compared  to  those  corresponding  control 
groups.  It  implies  the  first  step  of  the  increased  production  of  free  radicals  by  SMF  in  tobacco  cells.  An  increase 
in  SOD  activity  might  enhance  cytotoxicity  by  active  oxygen  species  likely  owing  to  the  accelerated  H2  02 
generation  and  subsequent  OH*  overproduction  by  the  metal  catalyzed  Haber-Weiss  reaction  [23].  Scavenging 
and  detoxification  of  H202  that  is  produced  by  SOD,  can  be  achieved  by  either  non-enzymatic  antioxidants  or 
scavenging  enzymes,  e.g.,  CAT.  Fikewise,  the  activity  of  CAT  was  also  reduced  by  SMF. 

Accumulation  of  H202  and  other  reactive  species  of  oxygen  in  SMF-exposed  tobacco  cells  may  subsequently 
result  in  peroxidation  of  membrane  lipids  as  well  as  damage  of  DNA  [24].  Ishisaka  and  his  colleagues  (2000) 
showed  H202  -induced  rapid  fragmentation  of  DNA  and  a  slow  decrease  in  the  viability  of  human  cancer  cell 
line  HF-60[25].  In  the  same  cell  line,  Robison  and  his  colleagues  presented  data  demonstrating  that  a  decrease 
in  the  DNA  repair  may  occur  following  oxidative  burst  induced  by  EMF  [26].  Although  morphological  features 
of  programmed  cell  death  and  necrosis  of  plant  cells,  to  some  extent,  differ  from  those  in  animal  cells,  however 
some  of  these  features,  e.g.,  cleavage  of  DNA  to  internucleosomal  fragments  and  increase  of  lipid  peroxidation 
(membrane  lysis)  were  observed  more  in  SMF-exposed  cells,  compared  to  the  control  cells. 

MDA  measurement  also  indicates  that  10,  30mT  SMF  exposure  induces  lipid  peroxidative  stress.  This  implies 
that  SMF  is  somehow  involved  with  free  radical  reaction  in  tobacco  cells.  It  means  that  increase  in  lipid 
peroxidation  can  be  another  proof  for  the  accumulation  of  H202  in  treated  tobacco  cells  compared  to  the 
controls.  These  results  indicate  that  exposing  to  the  SMF  can  induse  oxidative  stress  due  to  activity  of  the  free 
radicals  and  it  will  therefore  caser  more  lipid  peroxidation.  Increase  in  the  lipid  peroxidation  of  the  membrane  in 
both  10  and  30  mT  SMF  also  showed  that  the  failure  of  the  antioxidant  defence  system  of  treated  cells  against 
the  free  radicals.  The  results  presented  in  table  1  indicated  that  the  treated  cells  become  smaller  in  size  and  less 
prolifrative  compared  to  the  control  cells.  This  could  be  explained  by  this  suggestion  that  the  SMF  shortened  the 
cell  cycle  and  it  also  inhibitated  the  extention  of  the  cell  membrane.  Exposing  to  the  SMF  was  the  main  reason 
for  Increase  in  SOD  activity  may  represent  a  compensatory  reaction  against  oxidative  stress.  Increase  in  lignin 
content  of  treated  cells  (7.09  +  0.45  and  6.96  +  0.08  for  10  and  30mT)  compared  to  the  control  (6.17+0.26  and 
5.7  +0.06)  demonstrating  the  wall  loosening  through  increasing  the  wall  stiffening.  This  can  possibly  decrease 
the  cellular  growth. 

Taken  all  together,  the  results  presented  here  reveal  that  SMF  can  cause  an  inconsistency  in  the  function  of 
antioxidant  enzymes  in  suspension-cultured  tobacco  cells  thereby,  lead  to  oxidative  burst  and  cell  death. 
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Abstract 

The  numerical  properties  of  two  factorized  implicit  formulations  of  the  method  of  Finite-Differences-in-Time- 
Domain  (FDTD)  for  the  simulation  of  electromagnetic  wave  propagation  are  investigated  and  compared  with 
explicit  Yee-FDTD  and  hill  Crank-Nicolson  FDTD  formulation.  It  is  shown  that  the  ADI-FDTD  factorization 
approaches  asymptotically  the  Nyquist  limit  and  can  be  used  with  arbitrarily  large  time  steps.  Also  from  the 
point  of  view  of  numerical  dispersion  gives  acceptably  small  deviations  from  the  hill  Crank-Nicolson  FDTD 
formulation.  On  the  other  hand  the  CNSS-FDTD  factorization  does  not  fulfill  Nyquist  limit  for  arbitrarily  large 
time  steps. 


Introduction 

Numerical  simulations  are  routinely  used  for  modeling  electromagnetic  wave  propagation  problems  in 
the  area  of  high  frequency  electromagnetics  and  photonics.  The  finite-difference  time-domain  (FDTD)  method 
of  explicit  type  designed  by  Yee  [1]  was  for  long  years  the  preferred  numerical  technique  for  such  simulations 
due  to  its  flexibility,  since  it  allows  the  inclusion  of  arbitrarily  heterogeneous  objects  in  the  region  to  be 
simulated.  In  the  course  of  numerical  computations  artificial  artifacts  are  introduced,  such  as  numerical 
amplification  of  the  wave  power-flow-density  (stability  issues)  as  well  as  the  numerical  dispersion.  For  the 
explicit-type  methods  the  well-known  Courant-Friedrichs-Levy  (CFL)  condition  concerning  the  stability  of  the 
calculations  must  be  met,  limiting  thus  the  step-length  of  the  in-time-forward-marching  algorithm.  The  extent 
of  literature  in  this  area  is  huge,  including  several  book  publications,  e.g.  [2], 

Recently  the  implicit  types  of  FDTD  methods  has  been  constructed  -  the  "Alternating  Directions 
Implicit"  (ADI)  FDTD  method  [3],  [4]  and  the  "Crank-Nicholson  Split-Step"  (CNSS)  FDTD  method  [5],  [6]. 
Both  are  implicit  procedures  requiring  inversion  of  tridiagonal  matrices  in  two  half  steps.  Both  are  theoretically 
unconditionally  stable,  i.e.  they  enable  one  to  avoid  the  severe  CFL  condition  and  use  the  unlimited  length  of 
the  time  step  in  the  course  of  calculation.  However,  another  kind  of  bounds  on  the  length  of  the  time  step,  due 
to  aliasing  effects  with  growing  time  step,  is  imposed  on  both  these  methods. 


Explicit  and  implicit  FDTD  formulations 

The  Maxwell  equations 

curlH  =  e-^-,  curl£  =  -p-^  (1) 

dt  dt 

are  for  the  simplicity  taken  in  the  simple  form  for  lossless  isotropic  homogeneous  linear  medium  without 
external  sources,  i.e.  the  permeability  u  and  the  permittivity  e  are  constants.  Here  E(r,t )  and  H(r,t )  are  the 
electromagnetic  field  intensities  for  arbitrary  time  dependence. 

In  the  Yee-FDTD  method  are  Maxwell  equations  (1)  discretised  taking  so  called  staggered  grids  [1]  on 

all  three  spatial  axes  and  in  time  with  equidistant  intervals  |AX, Av, AZ,A,  J  (denoted  by  the  serial  indexes 
{i,j,m,n,},  i.e. 
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Ex{[i  +  \\Ax,jAy,mAz,[n  +  A]A,)  =  Ex\"llJ>m 
Ey  (/A  , ,  [j  +  {]  A  v ,  mAz,[n  +  \]At )  =  Ey 
Ez(iAx,jAy,[m  +  E]Az,[n  +  E]At)  =  E. 


(;  A  v ,  [y  +  7]  A  v, ,  [  w  +  y]  A  z ,  /?  A , )  =  H 

Hy^i  +  \]Ax,jAy,[m  +  \}Az,nAt)  =  Hi  , 

*+2 

^z([*'  +  y]A^[i  +  i-]A>->OTAz>wA0=  //z|',+  ,J+,v 


z,y+y,m+j 

n 

i+j,j  ,m+j 


(2) 


Discretised  Maxwell  equations  (only  the  Ex  and  Hx  are  considered  bellow)  take  the  form 


I  i+E,j,m 


-  Er 


I  i+j,j,m 


H, 


-H, 


H„ 


I  i+\,jjn+\ 


-H„ 


A, 


(3) 


hTI 


-Hr  ... 


I  i,7+y,»i+i 


-  £ 

z,y+y,m+l  ' 


72  +  y 


p  "+5 
z  z,y+l,m+j 


U,y,«z+y 


(4) 

+  Ziz  Ziv 

Yee-FDTD  method  as  represented  by  the  equations  (3)  and  (4)  is  the  explicit  method:  the  values  Ex  |" 

(3)  in  the  "new"  time  layer  n+\  are  directly  calculated  from  the  "old"  known  values  in  layers  n—  y  and  n. 


72+y 

i+j  ,j,m 


Similar  holds  for  H, 


172  +  1 


j  in  (4).  The  main  drawback  of  the  Yee-FDTD  explicit  method  is  its  conditional 


I  i,j+j,m+j 

stability.  In  order  to  have  conserved  the  wave-power-flow-density  in  the  computational  window,  the  CFL- 
condition 


cA^a;2  +  a-2+a:_2  <i 


(5) 


_ 1/2 

where  c  =  (ue)  1  ~  is  the  phase  velocity  in  the  lossless  medium,  has  to  be  met,  limiting  thus  severely  the 
permissible  length  of  the  time  steps  A, . 

In  the  matrix  notation  ( 1 )  reads 


s  —  E  =  A  H  -n  —  H  =  A  E 

dt  dt 


(6) 


where  E  =  ^Ex ,  Ev ,  Ez  j  and  H  =  ^Hx ,  Hy ,  Hz  ]  are  column  vectors  of  field  components  and  A  is  given 


as 


0  -d/dz  d/dy 
A  =  A!-A2=  d/dz  0  -d/dx 
-d/dy  d/dx  0 

Combining  E  and  H  into  one  vector  F 


0  0 

d/dy' 

1 

o 

n 

o 

i _ 

’  Ai  - 

d/dz  0 

0 

,  a2  - 

0  0  d/dx 

0  d/dx 

0 

1 

O 

O 

c& 

e/Jz 

hJz 


where  Z  =  -Jn/s  is  the  wave  impedance  of  the  lossless  medium,  one  arrives  to  the  equation 

.-i  3 


c  — F  =  D  F , 
dt 


where 


A2  Aj 


Di  = 


0  A! 
-A!  0 


D2  = 


ai  a2 

0 

0  -A, 


D  -  D{  +  D2  -  Dl2  -  D21 , 


a2  0 


'12 


0  A! 
A2  0 


'21 


0  a2 

A!  0 


(7) 

(8) 

(9) 

(10) 

(ID 


Crank-Nicolson  formulation  of  discretisation  of  differential  equation  is  known  to  be  unconditionally 
stable.  For  (9)  with  respect  to  the  time  derivative  it  yields 


-72  +  1  Cn 


cAf 


-22  +  1 


+  F" 


(12) 


Equation  (12)  can  be  put  in  the  following  form 
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f-i;<D'H'FH'+^(Dl+D4F"'  <13) 

which  can  after  some  calculation  be  re-cast  into  the  following  form  (see  e.g.  [7]) 

F"+,-^£V£VF"‘1' 

■{'+i;D=}{,+i;D,}F"-^'D,'F"-  <14) 


Solving  the  frill  system  of  implicit  equations  (13),  (14)  is  far  beyond  the  capabilities  of  common  computational 
machinery.  Therefore  after  having  neglected  last  terms  on  the  RHS  and  LHS  of  (14),  one  can  split  the 
approximate  equation 


(15) 


into  two  subsequent  steps 


(16) 


where  F" 1 12  denotes  the  intermediate  value  after  the  first  sub  step.  This  procedure  is  called  Alternating- 
Directions-Implicit  (ADI)-FDTD  method.  If  there  are  N  spatial  discretisation  points  along  each  axis  x,  y,  and  z, 
then  the  algorithm  for  (16)  can  be  organized  in  such  a  way  that  it  requires  six  inversions  of  the  tri-diagonal 

(N  x  N)  matrices.  The  original  problem  (13)  requires  inversion  of  the  (6 A3  x6A3j  sparse  matrix.  This  is 

already  for  moderate  number  of  sampling  points  N  an  unrealizable  task. 

Alternatively  can  (12)  be  expressed  in  the  following  way 

{,__i_(D,2_D!,)}.F-={/t_|_(Dl2_D2,)}.p.  07, 

and  then  similarly  recast  into  the  form 

{'-i:D4{,+i7D2,}F"tl+^D,2'D2,F“1' 


=  /  +  - 


cAt 


'12 


cA, 


'21 


Fn  +- 


2TT°i  2-Dn-F" 


c  A , 


(18) 


After  having  neglected  last  terms  on  RHS  and  LHS  of  (18)  one  again  arrives  to  analogous  equation  as  (15) 


/ 


cAt 


'12 


,  2  _ 

/  +  — — D2i 
c A, 


■F"+l  =(/  + 


cA, 


'12 


/ 


cA, 


'21 


(19) 


which  can  again  be  splitted  into  two  subsequent  sub  steps 


This  procedure  is  called  Crank-Nicolson-Split-Step  (CNSS)-FDTD  method.  In  both  methods  are  the  terms  of 
the  second  order  on  the  RHS  and  the  LHS  of  (14)  and  (18)  neglected.  Therefore  both  are  in  A,  second  order 
approximate  in  comparison  with  the  full  Crank-Nicolson  formulation  (13)  or  (17). 


Numerical  dispersion 

For  the  sake  of  simplicity  let  us  consider  the  two-dimensional  case  only.  Waves  of  any  temporal  and/or 
spatial  shape  can  be  Fourier  expanded  into  the  angular  spectrum  of  either  TM  or  TE  monochromatic  plane 
waves.  Propagation  of  a  spatio-temporal  spectral  TM  component  having  the  vectorial  components 


1369 


EUBOMIR  SUMICHRAST 


|  Ey,Hx,Hz}  in  the  direction  given  by  the  kx  ,  kz  components  of  the  wave  vector  k  ,  \k\  =  k  =  ^kx  +  kz  ,  is 

described  in  two  dimensions  x  and  z  by 

Ey  =  E0  exp(ycot)  exp (~jkxx)  exp(-jk:z ) ,  (21) 

where  the  angular  frequency  a>  is  given  as  to  =  kc  =  Cyjkx  +kz  ,  and  c  is  the  "physical"  phase  velocity  in  the 
given  medium. 

The  FDTD  discretisation  is  performed  on  the  so-called  staggered  grids  [1],  The  discretised  TM  plane 
wave  using  (21)  is  then  given  by 

Ey\n  ~  exp(-  jkxAxi)exp(-  jkzAzni) ,  (22) 

■'i  i,m 


and  similarly  for  Hx \"m+1  and  Hz |(.+±m,  where  c  =  cxp(/o)A; )  should  hold.  However,  during  the  numerical 

simulation  of  the  wave  propagation  instead  of  differential  equations  the  difference  equations  are  being  solved. 
Therefore,  instead  of  the  above  correct  terms  for  a>  and  c,  one  obtains  different  values  a>  A  and  v p  from  the 

formula  E,  =  cxp(/to  AAt )  =  cxp(  //a'/)A/  j .  where  vp  =  phas e(^)/kAt  is  the  numerical  phase  velocity  different 

from  the  "physical"  phase  velocity  c  due  to  the  numerical  dispersion.  The  numerical  dispersion,  i.e.  the 
differences  between  c  and  vp  are  artifacts  stemming  from  the  nature  of  the  numerical  procedure  itself.  To 

avoid  aliasing  effects  for  all  discretisations  the  sampling  theorem  must  be  fulfilled,  i.e. 

kxAx  <  n  ,  kzAz  <n,  coaA,  =  phase(^) <  n  .  (23) 

For  the  full  Crank  Nicolson  formulation  of  the  FDTD  method  using  discretised  Maxwell  equations  one 
obtains  the  result 

%  =  {l  -  4  -  4  +  72^4+4  }/(l  +  4  +  Az  )  (24) 

where 

A  =  (cAt/Ax)sin(kxAx/2) ,  A,  =  (cAt/Az)sm(kzAz/2) .  (25) 

For  the  ADI-FDTD  for  each  of  two  simulation-half-steps  A,  /2  the  result 

=  jl  +  J'fo  +  4,* )(!  +  4,* )  ■ - 1 }/(!  +  4* ) .  (26) 

.  For  the  CNSS-FDTD  method  one  similarly  obtains  the  formula 

=  (2-4*  +72V24;Z)/(2  +  4z)  .  (27) 

The  power-flow-density  for  the  hill  step  A,  is  in  all  cases  unconditionally  conserved  since  either  in  (24) 
|^|  =  1 ,  or  in  (26)  and  (27)  |^|  =  =  1 ,  holds.  The  dispersion  characteristics  are  hilly  determined  by  the 

phase  of  E,  in  the  case  of  full  Crank-Nicolson  formulation  (24) 


2  Ja;  +  A: 

phase(^)  =  arctan— - — - —  (28) 

1-4  "4 

or  by  the  phase  of  E,  =  using  (26)  and  (27) 

phase(4i^2  )  =  2  arctan  Ml  +  4)(l  +  Ac )- 1  ,  phas  =  arctan  2y^A  +  arctan  2^2  Az  .  (29) 

»  2-  Ax  2-  Az 

For  the  sake  of  comparison  we  show  the  result  for  the  classical  explicit  Yee-FDTD.  Here  one  obtains 

\  =  1  -  2(4  +  4 )  ±  7^1  -{'-2(4+  4  )}2  (30) 

In  order  to  have  the  stability  condition  fulfilled  the  term  under  the  square  root  must  be  positive,  therefore 

(4  +  4 )  <  1 ,  °r 


cA, 


sin  (kxAx 


/  2)  sin" 


(kzAj2)\ 


<1 


(31) 


1370 


IMPLICIT  FDTD  METHODS 


Since  the  spatial  harmonics  due  to  the  sampling  theorem  (Nyquist  limit)  can  have  maximum  wave  numbers 
equal  to  kx  =  2/ Ax  ,  k-  =  2/A_  ,  i.e.  the  sine  functions  in  (31)  are  equal  to  one  and  the  ultimate  CFL-limit 

cA,VAx2+A;2  <1  (32) 

is  obtained.  Depending  on  the  actual  length  of  A,  the  formula  (32)  defines  so-called  Courant  number  that 
cannot  be  in  case  of  explicit  Yee-FDTD  larger  than  one.  For  the  unconditionally  stable  methods  such  as  CN- 
FDTD,  ADI-FDTD,  or  CNSS-  FDTD  can  however  reach  any  values  larger  than  one. 


Conclusions 

Wave  propagation 

characteristics  using  the  ADI-FDTD  and 
CNSS-FDTD  methods  are  illustrated  in 
Fig.l.  For  the  explicit  Yee-FDTD  the 
values  can  be  calculated  until  the  Courant 
limit  is  reached.  Flere  the  normalized 
frequency  arrives  at  the  Nyquist  limit 
co  A  A  t  =  n  .  For  CN-FDTD  and  ADI- 
FDTD  it  seems  that  the  Nyquist  limit 
co  A  A ,  =  7i  is  approached  asymptotically 
with  increasing  A, .  Thus,  it  is  inferred 
that  the  sampling  theorem  criteria  are 
fulfilled  for  any  step  length  for  the  CN- 
FDTD  and  the  ADI-FDTD  method.  As 
seen  from  the  comparison  of  curves  for 
CN-FDTD  and  ADI-FDTD  neglecting 
the  second  order  terms  in  ADI-FDTD 
factorization  (16)  does  not  cause  any 
substantial  error  as  compared  with  the  "exact"  Crank-Nicolson  formulation.  As  it  can  be  easily  seen  the 
condition  (23),  i.e.  ro AAt  <  n ,  is  fulfilled  for  CNSS-FDTD  only  until  the  normalized  time  step  value  reaches 
kcAt  «  6  .This  is  a  substantial  not  yet  published  difference  between  ADI-FDTD  and  CNSS-FDTD.  Moreover, 
the  possibility  of  the  arbitrarily  large  A,  steps  in  the  ADI-FDTD  method  does  not  necessarily  mean  any 
advantage,  since  with  growing  A,  the  phase  velocity  vp  =  phase(^)/M,  decreases,  i.e.  the  simulated  spatial 
propagation  path  pertaining  to  increased  time  step  remains  effectively  the  same. 
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Abstract 

A  bioplasmatic  chiral  model  of  the  human  head,  constructed  with  540,000  cubic  cells  in  54  layers  derived  of 
MR  images,  that  allows  us  to  simulate  and  to  evaluate  the  absorption  induced  by  the  radiation  microwaves 
wireless  systems  between  1  to  100  GHz  is  presented.  The  procedure  to  determine  the  absorption  of  microwaves 
waves  emitted  by  wireless  systems  consisting  of  the  following  three  main  steps:  1)  evaluation  of  the 
electromagnetic  fields  distribution  inside  the  biological  target,  2)  modeling  of  human  head,  and  3)  SAR 
simulation  by  including  chirality  effects.  The  simulations  were  developed  by  means  of  the  FDTD  technique  and 
the  specific  absorption  coefficient  (SAR)  was  determined  for  a  layer  with  great  concentrations  of  brain  tissue 
(layer  35).  The  results  show  the  evolution  of  SAR  coefficient,  as  function  of  input  power  and  chiral  factor. 

Keywords:  chirality;  brain  tissue;  Maxwell;  FDTD;  SAR 
PACS:  41.20Jb;  02.70.Bf;  52.35;  87.15.Aa 

1.  Introduction 

In  recent  years,  there  has  been  a  continuing  explosion  in  the  growth  of  microwave  and  radio  frequency 
communications,  particularly  a  dramatic  acceleration  in  the  use  of  cellular  phones  and  wireless  local  area 
networks  (WLANs).This  has  resulted  in  public  concern  about  the  health  hazards  of  microwave  electromagnetic 
fields  emitted  by  these  systems.  This  growth  has  raised  the  research  on  the  effects  of  microwave  interaction  with 
biological  tissues.  Cellular  phones  use  low-speed  data  transmission  (e.g.,  voice  data)  over  wide  geographical 
areas,  while  WLANs  and  wireless  Internet  are  adopted  in  services  requiring  high-speed  data  transmission  over 
small  confined  areas  (e.g.,  inside  a  building).  It  is  important  to  assess  the  risk,  if  any,  of  the  wireless  revolution 
and  determine  if  need  exists  for  the  establishment  of  new  regulations  for  evaluation  of  the  mechanisms  of 
interaction  between  electromagnetic  fields  and  biological  systems.  [1] 

To  transmit  data,  wireless  LAN  systems  use  a  directive  antenna  placed  at  a  mobile  personal  terminal  (computer, 
telephone,  camera,  etc.)  and  a  wide  beam  antenna  placed  at  a  fixed  site  (the  base  station)  usually  located  on  the 
room  ceiling.  In  this  arrangement,  the  user  can  find  him  self  in  close  proximity  to  the  radiating  mobile  antenna, 
where  the  EMF  assumes  its  highest  values.  As  a  consequence,  it  is  important  to  consider  the  possible  health 
hazard  due  to  such  systems.  Specifically,  the  heads  of  many  users  are  exposed  to  a  sequence  of  microwave 
fields  modulated  in  substantially  different  ways  [2].  When  the  cellular  phone  is  close  to  the  head,  background 
levels  are  sharply  distorted,  with  40  to  50  percent  of  radiated  phone  energy  absorbed  in  the  hand  and  the  head  of 
an  user  [3].  Its  emission  at  the  head  surface  is  typically  10,000  times  stronger  than  fields  reaching  the  head  of  a 
user  standing  within  30  m  of  the  base  of  a  typical  mobile  phone  relay  transponder  mounted  on  a  tower  30m 
above  ground. 

In  a  technical  perspective,  the  carrier  wave  remains  constant  in  amplitude  throughout  the  transmission  epoch,  all 
data  information  being  transmitted  in  the  frequency  domain,  where  systems  generally  transmit  at  900,  1800 
MHz  and  2.4  GHz.  When  the  antenna  is  close  to  the  head,  background  levels  are  sharply  distorted,  with  40  to  50 
percent  of  radiated  phone  energy  absorbed  in  the  hand  and  the  head  of  a  user  [4]. 

In  this  paper,  we  propose  to  use  a  simple  chiro-electrodynamical  model,  which  takes  into  account  the  main 
interaction  between  the  bioplasma  of  the  brain  neurons  and  the  microwave  radiation  of  mobile  phone  or  wireless 
systems.  To  address  the  problem  and  on  the  basis  of  our  previous  experience  [2]  [6],  our  method  consists  of  the 
following  three  main  steps:  (1)  modelling  of  human  head  through  MRI,  (2)  evaluation  of  the  EM  distribution 
inside  the  biological  target,  considering  the  brain  tissue  as  chiral  bioplasmatic  media,  and  (3)  SAR  simulation  to 
evaluate  the  thermal  effect.  A  brief  explanation  of  the  theoretical  base  of  the  technique  used  and  description  of 
the  models  are  given  in  section  2.  Results  comparing  the  computed  SAR  values  in  the  different  models  are 
shown  and  discussed  in  section  3.  Finally,  conclusions  are  presented. 
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2.  Electrodynamic  point  of  view. 

To  characterize  the  microwave  absorption  by  the  brain  tissue,  radiated  by  cellular  phones,  it  is  assumed  that  the 
brain  tissue  media  is  chiral.  This  chiral  effect  is  due  to  a  microscopic  mechanism  where  the  typical  cell 
membrane  of  brain  is  a  fluid  bilipid  layer  with  a  lot  big  chiral  protein  molecules  embedded  in  it.  Every  protein 
molecule  is  polar  and  will  tend  to  align  itself  with  an  electric  field  and  often  helical  rotate  in  its  socket,  so  any 
volume  of  brain  tissue  must  have  a  lot  of  cells  bearing  protein  molecules  that  happen  to  resonate  at  its  rotation 
frequency. 

Studies  on  DNA  have  shown  that  large  electron  flows  are  possible  with  the  stacked  base  pairs  of  the  double 
helix  and  a  collective  interaction  of  large  ionic  ensembles  where  the  electromagnetic  field  is  assumed  in  aqueous 
solutions  of  amino  acids.  Also  when  the  twisted  DNA  molecule  is  a  right-handed  helix  is  transcribed  into  RNA, 
the  DNA  molecule  can  be  unwound.  And  it  is  possible  that  signaling  inside  neurons  can  have  two  twists.  Here, 
we  propose  the  hypothesis  that  all  these  features  can  be  explained  in  a  unified  manner,  namely  the  chiral- 
electrodynamics  model,  where  the  bioplasma  is  divided  into  two  very  thin  layers  separated  by  a  permeable 
membrane,  having  cylindrical  microtubules  or  helical  structures.  The  dimmers  Ot  and  /?  can  exist  in  two 
different  geometric  configurations  which  correspond  to  the  electric  polarization  states  of  dimmers,  whose 
helicoidal  structure  can  be  right  (R)  or  left  (L).  Then,  since  the  protein  medium  is  chiral,  an  electromagnetic 
wave  in  this  medium  necessarily  will  rotate  its  polarization  plane  in  accordance  with  the  dominant  biological 
structure.  Preliminary  calculus  show  that  the  medium  frequencies  are  between  10  and  20  GHz  (microwave 
radiation).  The  eigenfrequencies,  for  typical  proteins  become  between  10  GHz  -12  GHz  and  for  cluster  DNA 
molecules  the  interval  is  between  1  GHz  to  12  GHz.  These  frequencies  are  typical  for  microwave  radiation. 
Accordingly  with  the  above  discussion,  we  consider  the  brain  tissue  as  a  chiral  bioplasma  immersed  in  a  low 
magnetic  field,  characterized  by  a  global  chirality  factor,  T,  so  the  Born-Fedorov  constitutive  equations  are 

D=s(E  +TVxE),...B  =  ju(H  +TVxH)  (1) 

where  s,  jj.  and  T  are  the  permittivity,  the  permeability  and  the  chiral  scalar,  respectively.  Solving 
Maxwell's  equations  for  a  plane  electromagnetic  wave  of  frequency  CO  (CO  =  ktV  =  In f  ,  kt  is  the  tissue 
wave  number  and  V  is  the  phase  velocity)  propagating  in  a  chiral  medium,  it  can  be  shown  that  the  left-  and 
right-hand  circularly  polarized  waves  have  different  wave  numbers,  k  =kt  /(I  +  k  T)  and  k  =kt  /(I  —  k  T)  , 

respectively.  The  chiral  parameter  T  has  the  dimension  of  a  length.  Here,  the  rotor  of  polarization  plane  can  be 
predicted  from  Maxwell's  equations,  considering  that  the  P  or  M  vector  has  a  proportional  additional  term  to 
rotor  E  or  rotor  H ,  respectively.  If  it  is  assumed  that  the  medium  is  isotropic,  non-permeable  and  non-dispersive, 
the  Cartesian  field  components  are  [7] 
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Using  the  MKS  system  of  units,  the  following  system  of  scalar  equations  is  the  set  of  Maxwell’s  equations  in 
the  rectangular  coordinate  system  (x,  y,  z) 
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where  U  (S  m"1)  is  the  tissue  electrical  conductivity.  After  calculation  of  the  induced  chiral  electric  field  by  the 
FDTD  method,  the  local  specific  absorption  rate  SAR  is  obtained  as 


SARij(T)  = 


ai-j  Er 


2  Pi, 


(5) 


where 


(6) 


In  these  equations,  the  electric  (magnetic)  fields  depend  not  only  on  E  (resp.  //)  but  also  on  the  transverse 
components. 
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3.  SAR  simulation  and  analysis  of  results 

For  the  numerical  calculation,  the  chiral  factor  is  normalized  as  kT,  where  k  is  the  wave  number  in  the  tissue 
layer,  in  some  cases  it  may  be  kt  =  nkQ  ( k{]  =  0)1  C  is  the  vacuum  wave  number),  with  n  =  1,  2,  3...,  taking 
into  account  the  multiphoton  absorption  when  the  resonance  absorption  at  macromolecular  level  becomes 
important.  For  the  brain,  we  considered  k  =  kb/(l  —  kbT )  because  the  clusters  of  DNA  molecules  have 
eigenwaves  representing  right-hand  circularly  polarized  waves  and  for  the  rest  of  the  tissues  we  considered 
kT  =  ktT  =  0.  Calculation  stages  of  the  bioplasmatic  model  for  SAR  determination  are  shown  in  figure  1. 

Using  the  linear  FDTD  algorithm  with  chirality,  obtained  from  equations  (3)-(6),  simulations  for  microwave 
spectrum  are  made.  The  model  of  human  head  was  constructed  with  540000  cubic  cells  of  2.5  mm  side  each. 
The  total  number  of  layers,  counted  from  the  bottom  of  head,  used  in  this  model  was  54.  Here  we  choose  layer 
35,  because  it  has  a  large  concentrations  of  brain  tissue.  Figure  2  shows  these  layers  in  digitalized  version 
(matrix  of  100  x  100),  likewise  is  exhibited  the  antenna  position.  Both,  the  dielectric  constant  and  the 
conductivity  of  the  brain  were  obtained  from  literature.  In  order  to  study  and  isolate  the  chiral  effect, 
calculations  are  made  for  plane  wave  assumption,  powers  of  1.25,  12.5  and  125  mW  were  used,  at  frequencies 
of  0.9,  1.8.  2.4,  5.2,  5.8,  30,  60  and  100  GHz,  respectively,  having  the  cellular  phone  antenna  an  impedance  of 
180  Q.  Four  types  of  tissues  (skin,  bone,  blood  and  brain)  are  considered.  Simulations  were  made  in  a 
systematic  way,  in  order  to  determine  the  effect  that  the  variation  of  the  chiral  coefficient  had  over  the 
absorption  of  coefficient  SAR,  and  results,  for  layer  35,  are  shown  in  figures  3-9.  Owing  to  the  different 
electromagnetic  properties  of  the  tissues,  the  power  absorption  is  not  a  monotonically  decreasing  function  of 
depth.  For  kT  =  0,  absorption  is  highest  in  the  skin,  low  in  the  skull,  but  higher  again  in  the  brain.  These  curves 
were  obtained  performing  similar  simulations  and  then  obtaining  a  statistical  average  of  the  SAR.  In  all  curves, 
as  the  wave  penetrates  the  head,  it  traverses  the  different  parts  of  which  the  head  model  is  made  and  the  value  of 
the  SAR  is  attenuated  quickly  due  to  the  change  in  medium  and  the  increase  of  the  distance  from  the  emitting 
source  (antenna).  It  is  important  to  say  that  the  SAR  maximum  (hot  point)  is  in  the  outer  part  (skin).  After 
passing  through  the  bone  level,  the  SAR  is  much  attenuated  (between  cells  5  and  10)  and  around  cell  10  the 
SAR  increases  at  brain  level.  Here,  starting  from  cell  10  approximately  it  is  important  to  analyze  the 
performance  of  our  bioplasmatic  model. 

The  profile  of  the  SAR  for  35th  layer,  at  0.9  GHz  as  function  of  distance  for  different  values  of  chiral  factor  kT, 
is  shown  in  figure  3,  where  the  variation  is  observed  for  values  of  chiral  factor  0  <  kT  <  3.  A  SAR  of  0.032  W 
kg’1,  is  observed  in  the  brain  region,  for  a  null  chiral  factor  (kT  =  0).  For  kT  =  1,  the  SAR  found  was  0.036  W 
kg’1,  an  increase  of  12.5%  with  respect  to  the  achiral  case  ( kT  =  0),  and  a  SAR  of  0.043  W  kg'1  was  found  for  kT 
=  3,  with  an  increase  34%.  This  increase  corresponds  to  the  power  absorbed  by  the  head.  Figure  4  shows  the 
distribution  of  the  SAR  for  35th  layer,  as  a  function  of  distance,  for  different  values  of  the  chiral  factor  when  the 
work  frequency  is  1.8  GHz.  The  maximum  SAR  found,  in  the  blood-brain  region,  was  0.08  W  kg'1  for  to  kT  =  0 
and  0.116  W  kg’1  for  kT  =  1,  i.e.  an  increase  of  45%  with  respect  to  the  achiral  case.  For  a  high  value  of  chiral 
factor,  kT  =  3,  the  maximum  SAR  found  was  0.12  W  kg’1  with  an  increase  of  50%.  Again,  this  increase 
corresponds  to  the  power  absorbed  by  the  head.  Figure  5  shows  the  distribution  of  the  SAR  for  35th  layer, 
as  a  function  of  distance,  for  different  values  of  the  chiral  factor  when  the  work  frequency  is  2.4  GHz.  The 
maximum  SAR  found,  in  the  blood-brain  region,  was  0.09  W  kg’1  for  to  kT  =  0  and  0.13  W  kg’1  for  kT  =  1,  i.e. 
an  increase  of  44%  with  respect  to  the  achiral  case.  For  a  high  value  of  chiral  factor,  kT  =  3,  the  maximum 
SAR  found  was  0.16  W  kg’1  with  an  increase  of  77%. 

Figures  6-8  show  the  distribution  of  the  SAR,  for  35th  layer  as  a  function  of  distance,  for  different  values  of  the 
chiral  factor,  when  the  work  frequency  is  30,  60  and  100  GHz.  The  SAR  found  in  the  blood-brain  region 
increase  when  the  power  get  higher  also  for  chiral  factor  0,  1,  and  2,  the  SAR  is  barely  increase,  for  each  power 
simulated.  Figure  9  show  the  distribution  of  the  SAR  maximums  in  the  blood-brain  region,  as  a  function  of 
frequency,  for  different  powers  and  chiral  factors  as  summary  of  all  the  simulations  made  it.  The  consequence 
of  being  at  such  frequency  is  the  fact  that  the  human  tissue  (especially  brain  tissue)  absorptivity  of  microwave 
radiation  increase  with  frequency  in  this  spectrum  region.  Theses  must  be  verified  by  using  more  advanced 
models.  The  results  of  figure  9  are  similar  to  those  of  Curry  [8]. 

4.  Conclusions 

A  bioplasmatic  chiral  model  of  the  human  head  has  been  presented  that  allows  determination  and  evaluation  of 
the  absorption  induced  by  the  radiation  of  cellular  phone  and  wireless  systems.  Electromagnetic  fields  radiated 
were  determined  firstly  by  means  of  the  FDTD  technique  and  then  the  specific  absorption  coefficient  (SAR).  It 
is  shown  that  the  use  of  a  cell  model,  combined  with  a  real  model  of  the  human  head,  derived  from  the  magnetic 
resonance  of  images  allows  exact  determination  of  the  near  fields  induced  in  the  head  when  the  brain  chirality  is 
considered.  The  simulations  are  made  for  the  35th  layer.  The  results  also  show  the  evolution  of  the  specific 
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absorption  rate,  (SAR  coefficient),  as  function  of  input  power  and  chiral  factor.  The  more  importants 
conclusion  of  our  work  are:  1)  with  the  chiral  electrodynamics  model  the  head  absorption  of  microwave 
fields,  produced  by  cellular  phones  and  wireless  systems,  is  bigger  that  the  results  obtained  for  classical 
models,  and  2)  the  absorption  of  microwave  radiation  increase  with  frequency. 
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FIGURES  CAPTION 

Fig.  1  Stages  of  the  bioplasmatic  model  for  SAR  determination. 

Fig.  2  The  structure  of  layer  35. 

Fig.  3  SAR  variation,  as  function  of  the  transverse  distance,  for  0  <  kT  <  3  at  900  MHz.  Layer  35. 

Fig.  4  SAR  variation,  as  function  of  the  transverse  distance,  for  0  <  kT  <  3  at  1800  MHz.  Layer  35. 

Fig.  5  SAR  variation,  as  function  of  the  transverse  distance,  for  0  <  kT  <  3  at  2400  MHz.  Layer  35. 

Fig.  6  SAR  variation,  as  function  of  the  transverse  distance,  for  0  <  kT  <  2  at  30  GHz.  Layer  35. 

Fig.  7  SAR  variation,  as  function  of  the  transverse  distance,  for  0  <  kT  <  2  at  60  GHz.  Layer  35. 

Fig.  8  SAR  variation,  as  function  of  the  transverse  distance,  for  0  <  kT  <  2  at  100  GHz.  Layer  35 
Fig.  9  SARmax  variation  in  the  blood-brain  region,  as  function  of  frequency  for  0  <  kT  <  2  and  different 
power.  Layer  35. 
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ELECTROMAGNETIC  FIELD  LEVELS  IN  THE  WORKING 
ENVIRONMENT  IN  RADIO  AND  TV  STATIONS. 
PROGRAM  FOR  HEALTH  PROMOTION 

Ivanova,  M.,  V.  Zaryabova,  Ts.  Shalamanova,  M.  Israel 

National  Center  of  Public  Health  Protection,  Sofia,  Bulgaria 

Abstract 

Electromagnetic  field  sources  used  for  communication  always  are  subject  of  serious  interest.  There  are 
many  publications  concerning  exposure  and  risk  assessment  of  the  working  in  such  environment.  Results  of 
epidemiological  study  performed  in  Bulgaria  in  90s  (Varna,  Proceedings  2001)  show  exceeding  of  the  maximal 
permissible  values  especially  in  radio  stations  for  the  personnel  in  24  h  working  shift. 

In  the  last  years  the  situation  is  strongly  influenced  by  the  development  of  the  technology  which  leads  to 
changes  in  equipment  in  radio  and  TV  stations,  using  lower  power,  facilitate  the  working  regime. 

Paper  presents  data  of  exposure  assessment  of  different  professional  groups  in  selected  radio  and  TV 
stations.  Assessment  is  being  performed  on  basis  of  EMF  parameters  values  and  energetic  load  calculations 
according  to  the  national  legislation.  Data  are  compared  with  the  results  of  previous  investigation  to  evaluate  the 
new  situation  in  this  branch.  Exposure  levels  are  much  lower  than  those  in  the  last  study,  and  lower  compared  to 
the  exposure  limits,  as  well. 

INTRODUCTION 

The  policy  of  the  World  Health  Organization  (WHO)  after  its  establishment  incorporates  occupational 
health  issues.  Numerous  important  WHO  documents,  such  as  the  Constitution,  Alma  Ata  Declaration,  “Health 
for  All”  Strategy,  working  programs  and  certain  resolutions  of  the  World  Health  Assembly  underline  the 
necessity  to  protect  and  strengthen  health  and  safety  at  work  through  prevention  and  control  of  workplace 
hazardous  factors  and  promotion  of  workers’  health  and  work  ability. 

The  transition  during  the  past  two  decades  experienced  by  European  socioeconomic  communities 
contributed  to  accelerated  changes  in  labor  conditions  and  market.  Many  European  countries  show  a  tendency  to 
re-orienting  the  occupational  health  and  safety  policy  towards  improved  workers’  work  ability  and  significant 
reduction  of  increasing  social  costs  for  work-related  health  disorders,  injuries  and  disability. 

The  new  global  strategy  of  the  EU  Commission  and  International  Labor  Organization  (ILO)  is  fully  focused  on 
improving  the  activities  on  health  and  safety  at  work  (HSW)  at  enterprise  and  national  level.  The  developed 
systems  for  HSW  control  are  a  successful  approach  to  fulfillment  of  the  responsibilities  and  gaining  maximal 
benefits  through  their  incorporation  in  company  and  national  policy,  moreover,  these  systems  are  implemented  in 
many  countries,  including  a  number  of  Bulgarian  companies.  They  are  built  on  the  belief  that  good  work 
management  and  reduction  of  workplace  risk  are  based  on  self-control,  self-assessment  and  adequate  measures 
for  improved  safety.  Such  management  is  much  more  effective  and  with  better  results  than  just  observing  the 
regulations,  moreover,  ILO  methodological  guidelines  for  systems  for  control  of  health  and  safety  at  work  are 
not  mandatory.  They  are  recommendations  to  the  employer  on  achievement  of  better  prevention  level;  reduction 
of  risk  for  work  accidents  and  occupational  diseases  and  following  costs  and  company  losses;  reduction  of 
occupational  risk  and  hence  -  improvement  of  the  company  image;  improved  work  quality  leading  to  elevated 
company  competence;  last,  but  not  least  -  functional  social  dialogue. 

The  employer  has  to  present  his  HSW  policy  as  a  written  program,  after  consultations  with  the 
employees  and  their  representatives. 

A  very  interesting  professional  group  exposed  to  high  levels  EMF  is  those  of  operators  working  in  radio 
and  TV  stations.  Electromagnetic  field  sources  used  for  communication  always  are  subject  of  serious  interest.  A 
wide-spread  set  of  communication  systems  exists  in  each  country  and  its  types  and  number  is  ever  increasing. 

An  epidemiological  study  carried  out  in  Bulgaria  in  90  [5]  showed  exposure  to  the  personnel  of  such 
stations  above  the  permissible  levels  accepted  in  the  country,  especially  in  the  cases  of  24-hour  working  shifts. 
The  results  showed  that  the  long-term  service  of  emitting  systems  results  in  serious  health  problems  for  operating 
staff,  charged  with  broadcasting. 

The  present  study  is  a  continuation  of  the  previous  epidemiological  study  [5]  and  one  of  its  goals  is  to 
assess  how  the  development  of  the  technology  which  leads  to  changes  in  equipment  in  radio  and  TV  stations, 
using  lower  power,  facilitation  of  the  working  regime  affects  the  exposure  of  the  operators.  The  investigation 
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covers  a  part  of  previously  studied  stations,  which  gives  an  opportunity  for  direct  comparison  of  the  results  for 
the  personnel’s’  exposure. 

MATERIAL  AND  METHODS 

Objects  of  study 

This  study  was  performed  on  radio  broadcasting  system  of  short  waves  (SW),  television  (TV),  and  on 
satellite  systems.  The  study  covers  the  following  stations: 

■  Radio  broadcasting  station  on  short  waves  (SW)  -  from  6  to  25  MHz; 

■  TV  station  1  with  sources  emitting  EMF  with  frequencies  from  66  MHz  (UHF)  to  microwaves  up 
to  6  GHz; 

■  TV  station  2  with  sources  emitting  EMF  with  frequencies  101  MHz  (UHF)  to  microwaves  up  to  6 

GHz; 

■  TV  station  3  with  sources  emitting  EMF  with  frequencies  UHF  h  microwaves; 

■  Satellite  station  -  frequencies  from  5  GHz  to  7  GHz. 

We  found  5  types  of  work  shifts  -  A,  B,  C,  D  h  G  as  follows: 

•  A  -  5  days  a  week,  8  h  per  day  -  ordinary  shift.  The  rest  of  the  time  the  personnel  is  outside  the 

station; 

•  B  -  one  twenty-four  hour  period  (24  h)  in  the  working  environment  being  followed  three  subsequent 
twenty-four  hour  periods  of  rest  at  home; 

•  C  -  four  subsequent  twenty-four  hour  periods  in  working  environment  being  followed  by  three 
subsequent  twenty-four  hour  periods  of  rest  at  home;  During  its  stay  in  the  station  the  personnel  is  10  hours  on 
shift  (active  working)  and  14  h  on  disposal; 

•  D  -7  days  in  the  working  environment  followed  by  14  days  outside  (rest  at  home).  During  its  stay  in 
the  station  the  personnel  5  days  is  12  hours  on  shift  (active  working)  and  12  h  on  disposal  and  the  other  two  days 
are  resting  in  the  station; 

•  G  -  two  subsequent  twenty-four  hour  periods  in  working  environment  being  followed  by  two 
subsequent  twenty-four  hour  periods  of  rest  at  home. 

The  following  jobs  were  characterized:  radio  engineer,  engineer  (both  with  master  degrees),  mechanic, 
technician,  fitter,  sound-technician,  radio  technician,  power  engineer,  electric  fitter,  electrician,  electric 
technician,  mast  operator.  Every  station  depending  on  its  type,  equipment,  geographical  position,  etc.  has 
different  professionals.  Here,  we  present  the  results  for  the  next  groups:  operator  on  duty,  chief  of  station,  power 
engineer. 

Additionally  results  for  a  group  “other  staff’  being  not  directly  engaged  in  the  transmitters’  service  is 
presented.  It  includes:  cleaners  (other  assistant  jobs)  and  canteen  managers. 

Measurement  equipment 

The  measurements  of  the  EMF  exposures  were  made  using  the  following  equipment: 

N  F  M  - 1  (made  in  Germany): 

•  measuring  values:  E  =  2  to  40  kV/m  for  f  =  50  Hz 
E  =  2  to  1500  V/m  for  f  =  0.06-350  MHz 

H  =  0.1  to  10  A/m  for  f  =  0.06-10  MHz 

•  uncertainty:  a  =  ±  20  %; 

•  probes  -  dipole  and  frame. 

RAHAM  495,  model  40,  “General  Microwave  Corporation”(USA). 

•  Frequency  range:  200  kHz  -  40  GHz; 

•  Measurement  ranges  -  0.02,  0.2,  2  and  20  mW/cm2; 

•  Uncertainty  ±  20  %; 

•  Minimal  measured  value  -  0.5  pW/cm2 

•  Probe  -  isotropic. 

The  devices  measure  the  EMF  values  in  a  wide  frequency  range  so  specific  methods  for  exposure 
assessment  are  used. 

Measurement  procedure 

The  measurements  were  made  for  typical  permanent  and  temporary  work  places: 
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In  closed  premises:  transmission's  halls,  in  front  of  the  transmitters,  central  desks  and  central  control 
desks,  central  control  rooms,  in  front  of  the  final  cascades  of  multipliers,  near  the  antenna  control  boards,  etc.  All 
measurements  were  made  on  three  levels  above  the  ground  (floor)  -  on  the  levels  of  head,  chest  and  genitals  of 
the  operator,  and  the  hygienic  assessment  was  formed  according  to  the  maximum  measured  value. 

On  the  antennae's  field  area  we  measured  the  field  strength  both  under  the  feeder  lines  (feeders)  at  the 
same  three  levels,  and  along  the  roots  of  the  antennas,  at  different  depending  on  the  area.  In  case  of  TV  towers 
measurements  were  made  on  some  of  the  platforms  with  antennae  as  well. 

In  living  rooms  only  the  maximum  values  of  EMF  measured  have  been  taken  for  hygienic  assessment. 

All  measurements  were  made  while  the  transmitters  worked  at  maximum  power  of  radiation. 

On  the  time  of  measurements  the  serving  operators  stayed  on  minimal  distance  of  5  to  10  meters  behind 
the  measurer. 

The  hygienic  assessment  of  the  measured  values  of  EMF  in  the  living  rooms  was  made  according  to 
Ordinance  No:9  for  exposure  to  the  general  population  (Table  3)  as  the  personnel  staying  in  this  rooms  should 
not  be  considered  as  performing  its  work  tasks.  The  measured  values  of  EMF  in  living  rooms  were  added  to  the 
common  assessment  for  the  energetic  loading  of  the  organisms  of  the  workers  for  24  hours. 

Table  3.  Maximum  permissible  levels  (MPL)  according  to  the  Bulgarian  standards 


STANDARD 

FREQUENCY 

RANGE 

Emax> 

V/m 

Hjnax? 

A/m 

Smax? 

(iW/cm2 

We=E2.T, 

(V/m)2.h 

Wh=H2.T, 

(A/m)2.h 

Ws=S.T, 
pW. li/cm 

60kHz  -  3 MHz 

i mm 

- 

20000 

mam 

- 

BNS  14525-90 

3  MHz  -  30MHz 

m ■ 

- 

3200 

- 

30MHz-300MHz 

60 

- 

800 

HU 

- 

BNS  17137-90 

300MHz  -300GHz 

- 

- 

1000 

- 

- 

200 

Ordinance 
No.9  - 1991 

3  MHz  -  30MHz 

10 

- 

- 

- 

- 

- 

30MHz-300  MHz 

3 

- 

- 

- 

- 

- 

300MHz  -  30GHz 

- 

- 

10 

- 

- 

- 

Parameters  for  exposure  assessment 

For  exposure  assessment  the  following  parameters  were  used: 
energetic  loading  of  organism: 

We=Y,  Elh  -  V2  h/m2;  W5  =  X  Vi  -  pW.h/cm2; 

i  i 

Energetic  loading  of  the  organism  was  calculated  for  the  average  and  maximal  measured  values  on  “i” 
measurement  point  (place  of  stay  or  premise)  respectively  for  electric  field  strength  (V/m)  and  power  density 
(pW/cm2),  depending  on  the  frequency  of  emitted  EMF; 

-  Time  weighted  average  (TWA)  values  of  electric  field  strength  and  power  density,  TWA: 

I 

TWA  =  -i - ,  V/m  TWA  =  - - ,  pW/cm2 

T  T 

where  E;  and  S,  are  the  measured  values  on  the  “i”  workplace;  t,  is  the  time  duration  of  exposure  on  the  same 

n 

place,  i  =  l,...n;  T  =  • 

i=i 

For  the  described  stations  TWA  of  electric  field  strength  and  power  density  are  calculated  for  the 
average  and  maximal  measured  value  of  EMF  on  the  corresponding  places  of  stay  of  the  personnel.  Calculations 
for  two  averaging  periods  were  made: 

•  for  one  working  day  -  8h,  10  h,  12  h  and  24  h  corresponding  to  the  work  shift  duration  and 
work  cycle.  Here,  the  real  working  time,  time  on  disposal,  time  of  rest  in  the  station,  time  of  rest  outside  the 
station  were  taken  into  account. 

•  For  120  h  (5  twenty-four  hour  periods  -  one  working  week),  taking  into  account  the  shift  type 
(A,  B,  C,  D  h  G). 

Energetic  loading  of  the  organism  is  considered  for  zero  for  the  stay  outside  the  station. 

Calculated  TWA  values  for  SW  range  (V/m)  are  presented  in  units  pW/cm2  “equivalent  power  density” 
for  plane  wave. 
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The  real  time  of  exposure  was  determined  in  the  following  ways: 

-  "script  or  scenario"  method  -  an  expert  method,  based  on  repeated  measurements  and  for  long  findings 
of  the  working  process.  It  was  applied  for  the  three  groups  of  personnel  (those,  working  for  24  h  in  a  shift,  others 
working  for  8  h  -  normal  shift,  and  for  the  “other”  workers)  at  all  studied  sites,  namely  radio  stations,  TV  stations 
and  radio  relay  stations. 

-  calculating  the  maximum  permissible  time  duration.  The  requirements  of  the  Bulgarian  National 
Standards  (BNS)  were  used  when  determining  the  limits  of  the  energetic  loading  of  the  organism.  Maximum 
permissible  time  duration  of  every  working  place  was  calculated  according  to  the  average  values  of  EMF  by 
using  the  formulae: 


IV,  Ws 

rri  II  rri  J 

max  2  ’  max  ^ 

where  WE  ,  WH  and  Ws  are  values  of  the  energetic  loading  of  organism  for  corresponding  frequency 
range  according  to  national  legislation  (Table  3). 

RESULTS  AND  DISCUSSION 

Measured  EMF  values  in  relative  units  compared  to  the  limits  for  corresponding  frequency  range  are 
presented  in  Table  No.4. 

Table  No.4. 


Station 

Average 

values 

Maximal 

values 

Radio  station 

transmission's 

halls 

0.02 

0.09 

antennae  field 

0,15 

0.95 

TV  station  1 

transmission's 

halls 

0.003 

0.05 

antennae  field 

0.20 

0.06 

TV  station  2 

transmission's 

halls 

0.0075 

0.0196 

antennae  field 

0.38 

0.085 

TV  station  3 

transmission's 

halls 

0.0045 

0.00305 

antennae  field 

0.002 

0.00175 

Satelite  station 

transmission's 

halls 

0.004 

0.0163 

antennae  field 

- 

Calculated  TWA  values  are  presented  in  Table  No. 5. 


Table  No.5 


Professional 

groups 

Radio  station 

TV  station  1 

TV  station  2 

TV  station  3 

Satelite  station  | 

TWAavg. 

pW/cnr 

TWAmax 

pW/cm2 

TWAavg. 

pW/cnr 

TWAmax 

pW/cm2 

TWAavg. 

pW/cnr 

TWAmax 

pW/cm2 

TWAavg. 

pW/cm2 

TWA™, 

pW/cnr 

TWAavg. 

pW/cm2 

TWA^ 

pW/cm2 
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I  For  one  working  shift  | 

Operator  on 

3.10 

137.0 

1.89 

5.24 

1.49 

3.63 

1.19 

1.28 

1.60 

3.57 

duty 

(B) 

(B) 

(B) 

(B) 

(D) 

(D) 

(G) 

(G) 

(B) 

(B) 

Chief  of 

3.96 

66.90 

2.56 

15.41 

0.96 

2.38 

1.57 

2.22 

1.88 

3.67 

station 

(C) 

(C) 

(C) 

(C) 

(A) 

(A) 

(B) 

(B) 

Power 

0.74 

6.19 

1.69 

4.89 

1.43 

3.22 

engineer 

(B) 

(B) 

(B) 

(B) 

(B) 

(B) 

Worker/ 

2.40 

26.56 

2.12 

17.22 

1.03 

2.18 

0.96 

1.2 

1.83 

3.65 

cleaner 

(A) 

(A) 

(A) 

(A) 

(D) 

(D) 

(A) 

(A) 

(A) 

(A) 

Canteen 

0.34 

0.99 

0.80 

1.44 

0.64 

1.40 

0.82 

0.91 

0.79 

1.28 

manager 

(A) 

(A) 

(A) 

(A) 

(C) 

(C) 

(A) 

(A) 

(A) 

(A) 

|  For  1  working  week  -  120  h  j 

Operator  on 

0.30 

1.40 

0.76 

2.09 

0.42 

1.01 

0.52 

0.57 

0.69 

1.51 

duty 

(B) 

(B) 

(B) 

(B) 

(D) 

(D) 

(G) 

(G) 

(B) 

(B) 

Chief  of 

0.44 

7.42 

1.03 

6.16 

0.77 

1.81 

0.52 

0.74 

0.75 

1.53 

station 

(B) 

(B) 

(C) 

(C) 

(C) 

(C) 

(A) 

(A) 

(B) 

(B) 

Power 

0.15 

1.53 

0.56 

1.40 

0.66 

1.44 

engineer 

(B) 

(B) 

(B) 

(B) 

(B) 

(B) 

Worker 

0.27 

2.94 

0.71 

5.74 

0.31 

0.66 

0.34 

0.43 

0.61 

1.22 

cleaner 

(A) 

(A) 

(A) 

(A) 

(D) 

(D) 

(A) 

(A) 

(A) 

(A) 

Canteen 

0.04 

0.11 

0.27 

0.48 

0.12 

0.26 

0.27 

0.30 

0.26 

0.43 

manager 

(A) 

(A) 

(A) 

(A) 

(C) 

(C) 

(A) 

(A) 

(A) 

(A) 

Calculated  values  of  the  energetic  loading  of  organism  are  presented  in  Table  No.  6 


Table  No. 6 


Professional 

groups 

Radio  station 

TV  station  1 

TV  station  2 

TV  station  3 

Satelite  station  j 

w 

’’  avg. 

(V/m).h 

w 

max 

(V/m)2.h 

w 

avg. 

pW.h/cm2 

Wmax 

fiW.h/cm2 

w 

avg. 

pW.h/cm2 

Wmax 

pW.h/cm2 

w 

TT  avg. 

pW.h/cm2 

Wmax 

pW.h/cm2 

w 

TT  avg. 

pW.h/cm2 

Wmax 

pW.h/cm2 

j  For  one  working  shift  j 

Operator  on 

342.79 

1644.00 

45.30 

125.75 

35.86 

87.20 

14.27 

15.38 

19.25 

42.88 

duty 

(B) 

(B) 

(B) 

(B) 

(D) 

(D) 

(G) 

(G) 

(B) 

(B) 

Chief  of 

332.73 

10336.0 

61.98 

369.75 

23.12 

57.38 

12.53 

17.75 

22.61 

44.00 

station 

(A) 

(A) 

(C) 

(C) 

(C) 

(C) 

(A) 

(A) 

(B) 

(B) 

Power 

121.79 

1610.0 

19.69 

58.75 

17.21 

38.75 

engineer 

(B) 

(B) 

(B) 

(B) 

(B) 

(B) 

Worker/ 

83.68 

1312.00 

16.96 

137.75 

24.73 

52.20 

8.18 

10.25 

14.65 

29.25 

cleaner 

(A) 

(A) 

(A) 

(A) 

(D) 

(D) 

(A) 

(A) 

(A) 

(A) 

Canteen 

13.03 

32.0 

6.43 

11.50 

15.43 

33.70 

6.56 

7.25 

6.32 

10.25 

manager 

(A) 

(A) 

(A) 

(A) 

(C) 

(C) 

(A) 

(A) 

(A) 

(A) 

!  For  1  working  week  -  120  h  ! 

Operator  on 

738.26 

3392.0 

90.60 

251.50 

49.83 

120.95 

61.94 

68.63 

83.40 

181.76 

duty 

(B) 

(B) 

(B) 

(B) 

(D) 

(D) 

(G) 

(G) 

(B) 

(B) 

Chief  of 

1663.65 

51680 

180.80 

1287.00 

92.48 

229.52 

62.63 

88.75 

89.92 

184.00 

station 

(B) 

(B) 

(C) 

(C) 

(C) 

(C) 

(A) 

(A) 

(B) 

(B) 

Power 

engineer 

243.58 

3220.0 

67.50 

(B) 

167.50 

(B) 

- 

- 

- 

- 

79.12 

(B) 

173.50 

(B) 

Worker 

418.40 

6560.00 

84.80 

688.75 

36.58 

79.28 

40.90 

51.25 

73.25 

146.25 

cleaner 

(A) 

(A) 

(A) 

(A) 

(D) 

(D) 

(A) 

(A) 

(A) 

(A) 

Canteen 

65.15 

160.0 

32.15 

57.50 

14.69 

32.09 

32.80 

36.25 

31.60 

51.25 

manager 

(A) 

(A) 

(A) 

(A) 

(C) 

(C) 

(A) 

(A) 

(A) 

(A) 

*The  types  of  shifts  are  mentioned  in  brackets 


The  investigation  showed  the  highest  exposure  for  the  personnel  in  radio  station. 

The  highest  values  of  EMF  for  every  station  are  measured  near  the  final  cascades  of  the  amplifiers, 
when  setting  up  or  repairs  are  carried  out,  in  the  antenna's  field  (around  the  irradiating  antenna),  near  the  feeders 
or  antenna  control  board.  For  these  places  maximal  permissible  time  of  stay  was  calculated.  By  professional 
groups  the  highest  energetic  loading  of  the  organism  values  were  found  for  the  professional  groups  which  tasks 
require  prolonged  work  in  antennae  field  and  comutator  premises,  namely  operator  on  duty  and  chief  of  station. 

The  average  values  of  the  energetic  loading  of  the  organism  in  relative  units  compared  to  the  limit 
values  are  between  0.003  h  0.31  depending  on  the  professional  group  and  the  working  shift  type.  The  calculation 
for  the  maximal  values  (worst  case)  gives  ratio  of  3.23  for  the  SW  radio  station.  In  the  previous  study  3,58  times 
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exceeding  of  the  energetic  loading  limit  value  was  established  for  the  24  h  shifts  for  SW  transmitters  and  up  to 
0,7  of  the  limit  value  for  the  24  h  shift  in  the  TV  stations. 

The  previous  study  had  shown  exceeding  of  the  energetic  loading  values  for  28.1%  and  43  %  of  the 
working  places  in  the  SW  stations  for  8  h  and  24  h  shift  respectively,  exceeding  of  EMF  values  was  found  in 
14,3  %  of  working  places  in  TV  stations. 

In  the  present  study  the  exceeding  of  the  maximal  permissible  values  was  found  only  for  single  cases  in 
antennae  field. 

There  were  not  measured  EMF  values  above  the  limits  for  the  general  public  in  the  living  rooms  in 
stations.  Previously,  in  67,4%  of  the  studied  living  rooms  EMF  values  exceeded  the  limits  for  the  general  public. 

On  the  basis  of  conducted  study  and  estimated  exposure  to  the  personnel  we  propose  a  risk 
communication  and  management  program  following  requirements  of  WHO  and  the  Precautionary  Principle. 

Activities  concerning  risk  communication 

An  acting,  addressed  towards  workers  in  EMF  conditions  program  demands  adhering  to  WHO 
requirements  for  informing  the  workers,  training  and  limiting  the  risk  to  minimal  levels.  The  effectiveness  of  the 
program  is  specified  as  from  the  permanent  analysis  of  the  taken  measures  as  from  the  traceability  of  the  actions 
and  from  the  back  link  with  the  management  and  the  group  developed  the  program  furthermore. 

In  this  case  we  recommend  outlining  the  following  main  actions: 

1.  Towards  EMF  levels: 

•  adhering  to  the  maximal  permissible  levels  in  the  current  hygienic  standards. 

•  observing  the  permissible  time  duration  of  stay  in  sites,  where  the  electric  field  strength  and/or 
power  density  exceed  the  maximal  permissible  level  for  corresponding  frequency; 

2.  Control  (dosemeters,  measurements  etc.,) 

•  regular  check  of  EMF  values,  considering  different  powers  or  changes  in  the  equipment. 

•  each  station  should  be  equipped  with  at  least  one  control  measuring  instrument  (dosemeter), 
especially  for  performing  tasks  in  antenna  field; 

3.  Prophylaxis  (technical,  medical) 

•  Periodical  control  of  the  technical  equipment; 

•  periodical  check  up  of  the  health  status  of  the  staff  including  specialized  surveillance: 
cardiovascular,  nervous  system,  analysers,  blood  cells,  germinative  functions. 

4.  Collective  and  personal  means  for  protection: 

•  use  and  control  of  the  protection  measures  and  equipment 

5.  Compensations  (nutrition,  vitamines,  etc.) 

In  cases  when  other  prophylaxis  is  impossible  or  insufficient  compensations  could  be  applied.  This 
approach  is  very  extreme,  and  is  applied  only  when  all  other  possibilities  are  spent. 

6.  Training 

There  is  necessity  for  topical  courses  on  the  main  activities.  The  staff  is  well  qualified  concerning 
labour  safety.  The  idea  is  to  widen  the  training  in  the  field  of  their  specialities,  work  conditions,  and  the 
influence  of  the  factors  in  the  working  environment. 

7.  Living  conditions;  resting  rooms 

It  is  clear  that  this  is  very  important  issue,  and  takes  a  special  place  in  the  risk  communication  and 
management.  It  ensures  special  attitude  in  workers. 

8.  Precautions  (labels  and  fences,  briefings,  informational  sheets  and  newsletters) 

It  is  necessary  precautionary  labels,  signs  and  fences  (with  bright  and  reflection  colours),  briefings, 
informational  sheets  and  newsletters  to  be  developed,  and  placed  on  appropriate  places  to  show  areas  for  stay 
and  crossing,  to  warn  for  a  possible  accidents.  Boards  indicating  the  limited  stay  in  the  antenna  field  to  be 
placed. 


The  materials  prepared  by  the  management  concerning  information  about  the  communication  program 
both  for  activities  and  results  of  the  control,  prophylaxis  measures,  preventive  actions  for  health  protection  of  the 
workers,  news  about  the  company  organization,  cases  of  accidents,  etc.,  should  be  distributed  on  appropriate 
areas  (working  places,  restrooms,  dining  rooms)  aiming  to  inform  the  whole  personnel. 

Special  attention  should  be  paid  to  pregnant  women  and  persons  wearing  active  implants. 

Mechanisms  for  back  link 

This  part  is  fundamental  for  realizing  the  program.  This  could  be  performed  by  the  management 
through  an  Occupational  Health  Service,  Labour  Committee,  and  Human  Resources  Department. 
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CONCLUSIONS 

The  comparison  of  results  of  the  two  considered  studies  shows  decreasing  of  EMF  exposure  to  the 
specific  group  of  operators  working  in  radio  and  TV  stations.  This  result  could  be  associated  with  the 
development  of  the  technology  which  leads  to  changes  in  equipment  in  radio  and  TV  stations,  using  lower 
power,  using  better  shielding  in  the  control  rooms,  facilitating  the  working  regime. 
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ABSTRACT 

Although  recent  researches  approved  that  EM  waves  cause  harm  to  CNS  and  bone  marrow  systems  [1-6],  they 
are  not  studied  to  have  health  effects  on  other  systems  of  human  body.  Nevertheless  possible  health  effects  of 
EM  waves  on  genitalia  system  is  also  a  question  as  this  system  has  also  dividing  cells  (like  CNS  and  bone 
marrow)  in  males  and  females.  In  this  case  possible  effects  of  E-M  waves  on  infertility  is  a  matter  of  concern. 

This  research  is  done  to  investigate  infertile  couples  about  possession  and  usage  methods  of  mobile  handsets  and 
also  to  discuss  the  role  of  the  proximity  of  housing/occupation  to  BTSs  of  GSM  (900,  1800)  mobile  phone 
network  as  a  means  of  possible  cellular  phone  exposure  and  so  having  possible  influence  on  infertility. 

The  research  has  been  done  by  questionnaires  and  as  cross-sectional.  Collected  data  then  was  analyzed  using 
SPSS  software. 

The  results  of  the  study  show  that  these  variables  have  correlation  with  infertility: 

1 .  duration  which  these  patients  use  cellular  phone  for  speech 

2.  place  of  holding  cellular  phone  regarding  body 

3.  model  of  cellular  phone 

4.  Proximity  of  the  handset  regarding  body 

1.  INTORDUCTION 

Although  recent  researches  have  approved  that  E-M  waves  may  cause  harm  to  CNS  and  bone  marrow  systems 
[1-4],  they  are  not  studied  to  have  health  effects  on  other  systems  of  human  body.  As  CNS  and  bone  marrow 
systems  are  made  of  dividing  cells  in  all  individuals  and  are  proved  to  be  affected  by  E-M  waves  of  power  lines 
and  Radio  frequency  which  have  resulted  Brain  Cancers  and  different  kinds  of  Leukemia,  this  idea  is  formed  that 
E-M  waves  may  have  possible  effects  on  genitalia  system  also  as  this  system  has  dividing  cells  in  males  and 
females. 

Indeed,  a  large  segment  of  the  world's  population  is  now  exposed  to  RF  and  microwave  radiation.  We  need  a 
better  understanding  of  the  biological  effects  of  RF  electromagnetic  field  so  that  we  can  safeguard  against 
possible  harms  to  the  general  population  and  increase  its  beneficial  medical  uses. 

We  have  chosen  the  Microwaves  used  in  cellular  phone  system  as  a  course  of  study  for  possible  effects  on 
urogenital  system.  There  are  many  usages  of  Microwaves  in  urban  lives  like  satellites,  point  to  point  links,  and 
cellular  phones.  The  last  one  has  a  higher  energy  regarding  its  frequency  and  also  higher  amplitude  regarding  its 
usage  and  also  is  more  globally  used.  Other  forms  of  RF  waves  do  not  have  remarkable  values  regarding 
microwaves  used  in  cellular  phone  systems.  With  the  widespread  use  of  mobile  phones,  the  question  of  cellular 
phone  health  hazards  should  be  answered.  That’s  why  this  research  is  focused  mainly  on  the  study  of  possible 
effects  of  cell  phone  microwaves  on  infertility. 

2.  BIOLOGICAL  EFFECTS  CAUSED  BY  MICROWAVES 

Our  knowledge  regarding  the  biological  effects  of  RF  radiation  have  increased  for  many  decades.  It  has  become  a 
focus  of  attention  because  of  the  accelerated  use  of  RF  radiation  for  wireless  communication  over  the  past  few  years.  It 
is  fairly  well  established  that  at  sufficiently  high  power  levels,  RF  and  microwave  energy  can  produce  deleterious 
biological  effects.  Wireless  communication  systems  use  low  power  modulated  forms  of  RF  and  microwave  radiation 
that  were  not  investigated  extensively  in  the  past. 
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Nevertheless,  available  data  do  not  suggest  any  immediate  cause  for  concern  of  an  impending  threat  to  the  health  of 
the  population  from  acute  or  short  term  exposure  to  low  level  RF  radiation.  Investigations  to  answer  some  of  the 
questions  have  already  begun.  Many  of  them  are  designed  to  study  the  effects  of  long  term  exposure.  When 
considering  repeated,  low  level  radiation,  the  possibility  of  cumulative  effects  has  been  raised.  While  there  is  presently 
few  confirmed  evidence  for  cumulative  effect,  there  is  little  information  to  the  contrary. 

Large  scale  epidemiological  investigations  should  also  be  undertaken  among  the  mobile  telecommunication  and 
cellular  telephone  users  who  may  be  exposed  to  varying  levels  of  RF  radiation  over  time.  Better  understanding  is 
needed  of  the  mechanisms  of  interaction  between  RF  and  microwave  radiation  and  biological  systems,  and  the 
significance  of  any  observed  effects.  Enormous  progress  has  been  made  in  the  difficult  area  of  dosimetry.  However, 
measurement  of  energy  distribution  in  and  around  a  subject  for  exposure  assessment  remains  a  challenge,  more  so  for 
large  numbers  of  people.  This  type  of  quantitative  information  is  also  required  for  extrapolation  from  animal 
experimentation  to  human  response. 

3.  CHARACTERISTICS  OF  CELLULAR  COMMUNICATION  SYSTEMS 

The  research  is  focused  on  the  health  effects  of  cellular  telephones.  Cellular  telephones  operate  at  frequencies 
close  to  850  and  1900  MHz  in  GSM1  systems  (these  frequencies  may  vary  for  different  countries.)  The  cellular 
phone  system  mainly  consists  of  Base  Transceiver  Stations  (BTS)  and  handsets  for  signal  transmission.  So 
studying  the  radiations  of  this  system  should  be  focused  on  these  two  parts. 

Handsets  transmit  at  low  power  levels.  0.6  watts  for  hand-held  units  in  the  first  generation  mobile  telephones 
which  were  based  on  analog  technology.  Digital  communication  systems  have  made  digital  mobile  technology 
competitive  at  power  consumption  as  low  as  10  mW.  But,  while  in  use,  are  located  very  close  to  the  user’s  head. 
They  are  also  to  be  used  as  placed  on  the  belt  or  heart  other  locations  near  body  for  long  hours  when  are  on  but 
not  used  for  speech.  They  may  also  be  in  places  near  the  body  while  sleeping.  This  has  naturally  led  to  concerns 
about  potential  health  effects  of  handset  radiations. 

Returning  to  the  BTS,  the  total  MW  power  that  could  be  transmitted  from  each  BTS  antenna  at  a  cell  site 
depends  on  the  number  of  radio  channels  (transmitters)  that  have  been  authorized  and  the  power  of  each 
transmitter.  Typically,  for  a  cellular  base  station,  a  maximum  of  21  channels  per  sector  (depending  on  the 
system)  could  be  used.  Thus,  for  a  typical  cell  site  utilizing  sector  antennas,  each  of  the  three  transmitting 
antennas  could  be  connected  to  up  to  21  transmitters  for  a  total  of  63  transmitters  per  site.  When  omni  directional 
antennas  are  used,  up  to  96  transmitters  could  be  implemented  at  a  cell  site,  but  this  would  be  unusual.  While  a 
typical  base  station  could  have  as  many  as  63  transmitters,  not  all  of  the  transmitters  would  be  expected  to 
operate  simultaneously  thus  reducing  overall  emission  levels. 

Although  an  effective  radiated  power  (ERP)  of  up  to  500  watts  per  channel  (depending  on  the  tower  height)  is 
permitted,  the  majority  of  cellular  base  stations  in  urban  and  suburban  areas  operate  at  an  ERP  of  100  watts  per 
channel  or  less.  An  ERP  of  100  watts  corresponds  to  an  actual  radiated  power  of  about  5-10  watts,  depending  on 
the  type  of  antenna  used  (ERP  is  not  equivalent  to  the  power  that  is  radiated  but,  rather,  is  a  quantity  that  takes 
into  consideration  transmitter  power  and  antenna  directivity).  As  the  capacity  of  a  system  is  expanded  by 
dividing  cells,  i.e.,  adding  additional  base  stations,  lower  ERPs  are  normally  used.  In  urban  areas,  an  ERP  of  10 
watts  per  channel  (corresponding  to  a  radiated  power  of  0.5  -  1  watt)  or  less  is  commonly  used. 

The  signal  from  a  cellular  base  station  antenna  is  essentially  directed  toward  the  horizon  in  a  relatively  narrow 
pattern  in  the  vertical  plane.  The  radiation  pattern  for  an  omni-directional  antenna  might  be  compared  to  a  thin 
doughnut  or  pancake  centered  around  the  antenna  while  the  pattern  for  a  sector  antenna  is  fan-shaped,  like  a 
wedge  cut  from  a  pie.  As  with  all  forms  of  electromagnetic  energy,  the  power  density  from  a  cellular  or  PCS 
transmitter  decreases  rapidly  (according  to  an  inverse  square  law)  as  one  moves  away  from  the  antenna. 
Consequently,  normal  ground-level  exposure  is  much  less  than  exposures  that  might  be  encountered  if  one  were 
very  close  to  the  antenna  and  in  its  main  transmitted  beam. 

Measurements  made  near  typical  cellular  installations,  especially  those  with  tower-mounted  antennas,  have 
shown  that  ground-level  power  densities  are  well  below  limits  recommended  by  RF/microwave  safety  standards 
[7-9].  For  example,  for  a  base-station  transmitting  frequency  of  869  MHz  the  RF  exposure  guidelines 
recommend  a  Maximum  Permissible  Exposure  level  for  the  public  ("general  population/uncontrolled"  exposure) 
of  about  580  microwatts  per  square  centimeter  (pW/cm2). 


1  Global  Service  Mobile  system 
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This  limit  is  many  times  greater  than  MW  levels  found  near  the  base  of  typical  cellular  towers  or  in  the  vicinity 
of  lower-powered  cellular  base  station  transmitters,  such  as  might  be  mounted  on  rooftops  or  sides  of  buildings. 
Measurement  data  obtained  from  various  sources  have  consistently  indicated  that  "worst-case"  ground-level 
power  densities  near  typical  cellular  towers  are  on  the  order  of  1  pW/cm2  or  less  (usually  significantly  less). 
Calculations  corresponding  to  a  "worst-case"  situation  (all  transmitters  operating  simultaneously  and 
continuously  at  the  maximum  licensed  power)  show  that  in  order  to  be  exposed  to  levels  near  limits  for  cellular 
frequencies,  an  individual  would  essentially  have  to  remain  in  the  main  transmitting  beam  (at  the  height  of  the 
antenna)  and  within  a  few  feet  from  the  antenna. 

This  makes  it  extremely  unlikely  that  a  member  of  the  general  public  could  be  exposed  to  MW  levels  in  excess 
of  these  guidelines  due  to  cellular  base  station  transmitters.  When  cellular  antennas  are  mounted  at  rooftop 
locations  it  is  possible  that  ambient  MW  levels  greater  than  1  pW/cm2  could  be  present  on  the  rooftop  itself. 
However,  exposures  approaching  or  exceeding  the  safety  guidelines  are  only  likely  to  be  encountered  very  close 
to  or  directly  in  front  of  the  antennas.  For  sector-type  antennas  MW  levels  to  the  side  and  in  back  of  these 
antennas  are  insignificant. 

Even  if  MW  levels  were  higher  than  desirable  on  a  rooftop,  appropriate  restrictions  could  be  placed  on  access. 
Factoring  in  the  time-averaging  aspects  of  safety  standards  could  also  be  used  to  reduce  potential  exposure  of 
workers  who  might  have  to  access  a  rooftop  for  maintenance  tasks  or  other  reasons.  The  fact  that  rooftop  cellular 
and  PCS  antennas  usually  operate  at  lower  power  levels  than  antennas  on  free-standing  towers  makes  excessive 
exposure  conditions  on  rooftops  unlikely.  In  addition,  the  significant  signal  attenuation  of  a  building’s  roof 
minimizes  any  chance  for  persons  living  or  working  within  the  building  itself  to  be  exposed  to  RF  levels  that 
could  approach  or  exceed  applicable  safety  limits.  With  this  deduction,  we  have  focused  mainly  on  the  radiation 
of  the  handsets  while  considering  health  effects  on  infertility. 

4.  MATERIAL  AND  METHOD 

Isfahan  is  regarded  to  be  Iran’s  second  big  city  which  has  a  vast  cellular  phone  system.  The  population  of 
infertile  couples  in  Isfahan  is  rather  high.  Isfahan  Fertility  and  Infertility  Center  (IFIC)  is  a  place  for  the  study  of 
infertility  and  thus  possible  effects  of  microwaves  used  in  cell  phones  on  infertility. 

This  project  is  done  as  a  cross-sectional  research  using  questioners.  As  it  was  stated  before,  in  lack  of 
quantitative  data  about  the  exposure  effects  of  microwave  frequency  band  used  in  cellular  phone  system,  the 
questioner  based  method  will  be  useful  to  analyze  situation.  The  questioner  was  designed  to  gather  information 
about  the  usage  and  brand  of  mobile  handsets  and  also  the  proximity  of  housing/occupation  to  BTSs  of  cellular 
phone  network.  The  questioner  was  to  get  information  of  infertile  couples  that  have  visited  the  IFIC  in  a  specific 
period  of  time.  Our  inclusion  criteria  was  (1)  visiting  the  IFIC  in  the  interval  of  Sep.  2004  -  Feb.  2005  (2) 
Owning  a  cellular  phone. 

As  to  omit  the  mixture  results  of  Ionizing  radiations  and  power  frequencies,  our  exclusion  criteria  was  (1) 
proximity  of  houses  to  nuclear  equipments,  (2)  occupation  in  them  and  (3)  occupation  and  living  by  power  line 
frequencies  sources,  (4)  power  plants,  (5)  radio  stations,  and  (6)  Broadcast,  satellite  stations,  so  these  cases  were 
omitted  of  the  study  set.  Data  was  gathered  by  interviewing  and  ask  questions  to  fill  the  questionnaire.  In  this 
period,  209  cases  who  had  the  two  inclusion  criteria  and  did  not  have  the  exclusion  criteria  included  in  the  study. 
Table  1  shows  some  inquiries  made  by  the  questioner. 


The  collected  data  was  then  analyzed  by  SPSS  1 1.5  and  these  to  summarize  data  these  types  of  charts  used: 

Pie  chart  to  summarize  data  of  a  nominal  variable 
>/  Histogram  chart  to  summarize  data  of  a  scale  variable 


Table  1  shows  the  most  significant  inquiries  made  by  the  questioner. 
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Table  1.  The  inquiries  made  by  the  questioner 


Personal  Information 

Name  ,  Home  address.  Work  address.  Occupation 

Date  of  infertility  notice 

Distance  between  Home  and  nearest  BTS 

Distance  between  work  place  and  nearest  BTS 

Brand  and  model  of  hand  set 

Hours  using  handsets  a  day 

Hours  having  the  phone  turned  on  near  the  body  (less  than  one  meter) 

Place  holding  the  phone  when  turned  on  (by  body  side) 

Place  holding  the  phone  when  turned  on  (while  speaking) 

How  long  is  the  phone  turned  on  while  sleeping? 

How  long  do  you  speak  with  your  phone  a  day 

Do  you  use  hands  free?  Wireless  or  wired? 

5.  Results  and  Findings 

The  measurement  of  duration  which  each  case  has  used  cell  phone  shows  that  the  mean  of  this  time  is  4.05  years. 

Table  2.  Duration  which  each  case  has  used  cell 


Duration  which  each  case  has  used  cell 

N 

Min 

Cell  Phone  Duration 

209 

1 

11 

4.05 

2.122 

Valid  N  (listwise) 

209 

We  measured  the  mean  amount  of  time  in  which  the  cell  phone  is  on  and  in  a  distance  less  than  one  meter 
regarding  the  body  in  each  day.  77.9%  of  them  have  their  cellular  within  this  distance  more  than  10  hours 
(including  near  bed  when  sleeping). 

Table  3.  The  mean  amount  of  time  more  is  than  10  hours 


The  mean  amount  of  time  more  is  than  10  hours 

Frequency 

Percent 

Valid  answer 

yes 

163 

77.9 

no 

45 

22.1 

Total 

209 

100.0 

The  study  of  cellular  phones’  model  performed  and  the  results  below  were  achieved: 

Table  4.  Cellular  phones’  model 


The  next  Pie  chart  summarizes  data  above: 
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mobile  model 


LG 


.5% 


We  also  studied  where  each  patient  holds  the  cellular  phone  when  it  is  on  but  not  in  use,  so  the  results  below 
achieved: 


Table  5.  Where  does  each  patient  hold  the  cellular  phone? 


Where  does  each  patient  hold  the  cellular  phone 


Valid  Answer 


Belt 

Shirt  pocket 
Slacks  pocket 
In  bag 

Tied  from  neck 


Frequency  Percent 


101 

43 

22 

17 

26 


48.3 
20.6 
10.5 
8.1 

12.4 


Total 


209 


100.0 


This  Pie  chart  shows  the  latter  data: 


place  of  mobile 


tied  from  neck 

12.4% 
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The  measurement  of  the  time  which  each  patient  calls  with  cellular  phone  each  day  was  asked  and  showed  that 
the  mean  of  this  time  is  62.61  minutes/day  for  them.  This  table  shows  the  data  collected: 


Table  6.  The  time  each  patient  calls  with  cellular  phone  a  day 


The  time  each  patient  calls  with  cellular  phone  a  day 

N 

Range 

Min 

Max 

Mean 

Std.  Dev. 

speech  time 

Valid  N  (listwise) 

100 

10 

110 

62.61 

7.093 

This  graph  represents  the  number  of  cases  which  calls  with  cellular  phone  in  each  specific  duration: 


10  20  30  40  50  60  70  80  90  100110 


Figure  1.  The  number  of  people  (vertical)  regarding  their  speech  time  a  day  (horizontal) 

The  study  of  relation  between  the  duration  which  these  patients  uses  cellular  phone  and  the  duration  of  infertility 
shows  a  relation  with  correlation  coefficient  of  P=  0.345  ( p  =0.037).  This  study  performed  by  Bivariate 
Correlation  and  usage  of  Spearman  coefficient1. 


In  statistics,  Spearman's  rank  correlation  coefficient,  p  (rho),  is  a  non-parametric  measure  of  correlation,  it 
does  not  require  the  assumption  that  the  relationship  between  the  variables  is  linear. 

In  principle,  p  is  simply  a  special  case  of  the  Pearson  product-moment  coefficient  in  which  the  data  are 
converted  to  ranks  before  calculating  the  coefficient.  In  practice,  however,  a  simpler  procedure  is  normally  used 
to  calculate  p.  The  raw  scores  are  converted  to  ranks,  and  the  differences  D  between  the  ranks  of  each 
observation  on  the  two  variables  are  calculated,  p  is  then  given  by: 


6  ED2 
N(N2  -  1) 


where: 


D  =  the  difference  between  the  ranks  of  corresponding  values  of  X  and  Y,  and 
N  =  the  number  of  pairs  of  values. 
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The  study  of  duration  of  infertility  and  distance  between  job/living  place  and  the  distance  to  the  closest  electric 
communication  antenna  shows  a  relation  with  correlation  coefficient  of  P=0.0261  ( p  =0.0046).  which  shows 
weak  correlation  between  the  two  variable.  This  study  performed  by  Bivariate  Correlation  and  usage  of 
Spearman  coefficient. 

6.  CONCLUSION 

In  this  research,  we  investigated  the  possible  effect  of  cellular  phone  system  radiations  on  infertility.  The  result 
of  our  studies  shows  possible  influences  of  cell  phone  handsets  on  the  cases  that  have  been  sampled.  The  study 
shows  that  these  variables  have  correlation  with  infertility: 

5.  duration  which  these  patients  use  cellular  phone  for  speech 

So  that  the  increase  of  usage  of  mobile  phone  from  10  to  60  minutes  a  day  yields  to  an  increase  of 
infertile  couples 

6.  place  of  holding  cellular  phone  regarding  body 
48.3%  of  the  cased  hold  their  headsets  on  their  belts 

7.  model  of  cellular  phone 

48.3%  of  the  cased  used  Nokia  brand 

8.  Proximity  of  the  handset  regarding  body 

77.9  of  the  cases  had  their  handsets  on  and  near  the  body  more  than  10  hours  in  24  hours. 


The  study  of  relation  between  the  duration  which  these  patients  uses  cellular  phone  and  the  duration  of  infertility 
shows  a  relation  with  correlation  coefficient  of  P  =  0.345  ( p  =0.037)  which  shows  a  slight  linear  correlation. 

The  study  of  duration  of  infertility  and  distance  between  job/living  place  and  the  distance  to  the  closest  electric 
communication  antenna  shows  a  relation  with  correlation  coefficient  of  P  =  0.0261  ( p  =0.0046)  which  shows 
little  correspondence  between  the  two  variables  so  the  parameter:  Distance  between  living/job  place  and  the 
closest  electric  communication  antenna,  did  not  show  any  meaningful  relationship  with  the  infertility  date,  as 
was  presumed  by  the  discussion  presented  in  section  2. 
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Abstract 


Electromagnetic  Fields  (EMF)  can  affect  biological  systems  by  increasing  the  amount  of  free  oxygen  radicals. 

Antioxidants  are  able  to  reduce  the  effects  of  free  radicals  formed  in  body.  Glutathione  (GSH)  is  one  of  the 
|  important  antioxidants  in  body  defense  system  for  free  radical.  In  this  study.  Twe_examined  the  effects  of  50  Hz  f  Deleted:  it  was 

magnetic  fields  on  GSH  level  in  kidney.  A  total  of  56  male  guinea  pigs  were  used.  Forty-nine  guinea  pigs  were 
exposed  to  50  Hz,  1  mT,  2  mT  and  3  mT  fields  with  the  exposure  periods  of  4  and  8  hours/day  for  5  days.  Seven 
subjects  were  handled  in  an  identical  manner  with  the  exposed  animals  in  the  same  laboratory.  They  were  used 
as  control  without  being  exposed  to  any  magnetic  fields.  The  GSH  levels  were  determined 
spectrophotometrically  by  modified  Aykag  et  al.  method.  Increased  GSH  levels  were  found  in  kidneys  of  guinea 
pigs  exposed  to  1  mT  magnetic  field  for  the  exposure  periods  of  4  hours.  For  the  magnetic  fields  of  2  mT  and  3 
|  mT  applied  with  the  period  of  8  hours,  increased  levels  of  GSH  were  also  found,.  It  seems  that  ELF  magnetic  (  Deleted:  w 

fields  promote  the  levels  of  GSH  which  has  a  protective  role  against  the  oxidative  damage. 


Introduction 


Exposure  of  human  bodies  to  extremely  low  frequency  electromagnetic  fields  (ELF  EMF)  have  been  increased 
by  growing  use  of  electrical  devices,  which  emit  EMF.  It  has  been  showed  that  EMF  influence  enzymatic 
activity  in  biological  systems  (Noda,  2000).  Several  studies  on  effects  of  EMF  have  shown  that  EMF  can  induce 
cell  proliferation,  variations  of  calcium  concentrations,  alteration  of  DNA  integrity,  changes  in  transcription  of 
immediate  early  genes  and  protein  synthesis  (Boland,  2002;  Ishisaka.  2000;  Gold,  1994;  Kenneth,  1987;  Guler, 
1996a;  Guler,  1996b;  Guler,  1999;  Seyhan,  2006;  Canseven,  1996;  Canseven,  1999,  Canseven,  2005a;  Canseven 
2005b;  Liboff,  1987;  Liburdy,  1993)  and  perturbations  of  central  nervous  system  (Ilhan,  2004;  Jelenkovic,  2006; 
Jin,  1998;  Lai,  1996;  Lai.  2004).  It  js  T  known  that  ELF  magnetic  fields  (MFs)  may  cause  an  increase  in  free 
radicals  activity  in  living  organisms  (Boland.  2002;  Kula,  2002;  Kula,  2000;  Roy,  1995;  Khadir,  1999;  Simko, 
2001;  Seyhan,  2006;  Guler,  2006).  Free  radicals  are  very  reactive  and  unstable  ^molecules  that  can  initiate  chain 
reactions  to  form  new  free  radicals.  Antioxidants  are  able  to  reduce  the  effects  of  free  radicals  formed  in  body. 
Cells  are  also  equipped  with  the  enzymatic  antioxidant  mechanisms  that  play  an  important  role  in  the 
elimination  of  free  radicals  (Gorenek,  2006;  Guler  2006;  Ozgur,  2006;  Seyhan,  2006)  Glutathione  (GSH),  the 
most  abundant  non-enzymatic  antioxidant  present  in  the  cell,  plays  an  important  role  in  the  defense  against 
oxidative-stress-induced  cell  injury. 

It  has  been  showed  that  exposures  of  magnetic  fields  with  various  frequency  and  intensity  can  change  the 
antioxidant  activity  of  human  and  animal  bodies  (Harakawa,  2005;  Kashalda,  1995;  Fiorani,  1997;  Ozguner, 
2005;  Canseven  et  al„  2005c). 

This  study  was  designed  to  find  the  effects  of  exposure  to  1  mT,  2  mT  and  3  mT  of  50  Hz  magnetic  fields  on 
GSH  levels  in  kidneys  of  guinea  pigs  in  various  exposure  periods. 


(  Deleted:  has 
(  Deleted:  been 
I  Deleted:  molecular  species 


Materials  and  Methods 
Animals 

The  experimental  protocol  was  reviewed  and  approved  by  the  Laboratory  Animal  Care  Committee  of  Gazi 
University  (Report  no:  36-7838).  A  total  of  56  male,  250-300  g  weighted  guinea  pigs  were  used  in  this 
experiment.  All  animals  were  kept  under  laboratory  conditions  and  fed  standard  pellet  food. 
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Magnetic  Field  Exposure 

The  system  used  to  generate  the  magnetic  fields  was  Helmholtz  coils'  system  which  was  specially  designed  by 
Bioelectromagnetic  Laboratory  at  Biophysics  Department  of  Medical  Faculty  of  Gazi  University  (Canseven, 
2005d).  This  system  consisted  of  two  parallel  horizontal  flat  circular  coils  of  42.75  cm  diameter,  with  a  common 
axis,  and  separated  by  21.375  cm.  Each  coil  has  154  turns  and  was  constructed  by  insulated  copper  wire. 
Sinusoidal  current  of  frequency  50  Hz  was  generated  by  the  specially  designed  variable  transformer,  2.7  kVA  in 
power.  The  intensity  of  MF  was  modulated  by  the  transformer.  The  magnetic  field  generated  by  the  coils  is 
classified  as  vertical  field  since  the  field  lines  perpendicular  to  the  bottom  plane  of  the  animal’s  cage. 

Forty  nine  guinea  pigs  were  housed  in  the  centre  of  the  Helmholtz  coils,  2  per  plexiglas  cage  and  were  exposed 
to  50  Hz,  1  mT,  2  mT  and  3  mT  fields  with  the  exposure  period  of  4  hours/day  or  8  hours/day  over  5  days. 
Seven  subjects  were  handled  in  an  identical  manner  without  being  exposed  to  any  magnetic  field  and  studied  as 
controls. 

The  temperature  of  laboratory  was  held  constant  at  23°  C  with  day  and  night  cycle  of  12  hours  and  ambient 
geomagnetic  field  of  30  pT.  To  eliminate  possible  variations  due  to  circadian  rhythm,  the  exposure  periods  of 
magnetic  fields  were  chosen  as  8:00  -  12:00  a.m  for  4  hours  of  exposure  periods  and  8:00  a.m  -  4:00  p.m  for  8 
hours  of  exposure  periods. 

Following  12  h  of  starvation,  guinea  pigs  were  injected  intramuscularly  with  ketamine  (30  mg/kg)  and  xylazine 
(2  mg/kg)  and  250  IU/kg  heparin.  Kidneys  were  sampled  immediately.  They  shocked  by  liquid  nitrogen  and 
stored  in  deep  freezer  at  -80°C  until  performing  analysis. 

Determination  of  GSH  levels 

The  GSH  levels  were  determined  by  modified  Aykag  et  al.  (Aykac,  1985)  method.  Tissues  were  homogenized  in 
nine  volumes  of  cold  10%  TCA  solution  and  the  homogenate  was  centrifuged  for  15  min.  at  3000xg  at  4°C.  The 
supernatants  were  transferred  to  glass  test  tubes.0.5  ml  of  supernatant  was  added  to  the  2  ml  of  0.3  M 
Na2HP04.2H20  solution.a  0.2  ml  solution  of  dithiobisnitrobenzoate  (0.4  mg/ml  1%  sodium  citrate)was  added 
and  absorbance  at  412  nm  was  measured  immediately  after  mixing. The  GSH  levels  were  calculated  using  an 
extiction  coefficient  of  13.600  mol  ’cm1. 

All  experiments  were  run  in  a  blind  manner. 

Statistics 

Statistical  analyses  were  carried  out  using  SPSS  software  (SPSS  1 1.5  for  windows,  SPSS  Inc.,  Chicago,  USA). 
The  p  value  was  considered  significant  at  p<0.05. 

Mann  Whitney-U  and  Kruskal-Wallis  tests  were  used  in  statistical  analysis.  Comparisons  between  exposed 
groups  and  controls  were  made  by  using  Mann  Whitney-U  test  while  magnetic  fields  of  lmT,  2  mT  and  3  mT 
were  compared  with  Kruskal-Wallis  test  with  respect  to  exposure  periods  of  4  hours  and  8  hours. 


Results 

In  this  study,  GSH  levels  were  measured  in  kidney  of  guinea  pigs,  which  were  exposed  to  magnetic  fields  of  1 
mT,  2  mT  and  3  mT  fields  with  the  exposure  periods  of  4  and  8  hours/day  for  5  days.  For  both  of  the  exposure 
periods,  GSH  levels  were  found  increased  with  respect  to  controls  in  kidney  of  guinea  pigs  exposed  to  the  50  Hz 
magnetic  fields  of  1  mT,  2  mT  and  3  mT,  except  1  mT,  8  hours.  The  increases  in  GSH  levels  were  found 
statistically  significant  for  1  mT  ,  4  hours  (p=0.000),  2  mT,  8  hours  (p=0.000)  and  3  mT,  8  hours  (p=0.021)  in 
kidneys  by  Mann- Whitney  U  test. 

Field  intensities  were  compared  with  respect  to  exposure  periods  by  Kruskal-Wallis  test.  Significant  differences 
were  determined  between  field  intensities  of  1  mT,  2  mT  and  3  mT  in  kidney  tissues  for  both  of  the  exposure 
periods  (p=0.001  and  p=0.000  for  4  hours  and  8  hours  respectively). 


Discussion 

Glutathione  is  a  major  non  protein  thiol  in  living  organisms.lt  plays  a  crucial  role  in  coordinating  the  body’s 
antioxidant  defense  process.  Several  studies  have  reported  the  effects  of  50  Hz  magnetic  fields  on  antioxidant 
defense  system  activity  or  GSH  levels  (Kashkalda,  1995;  Harakawa,  2005;  Fiorani,  1997;  Canseven,  2005d). 
Fiorani  et  al.  reported  that  the  fields  are  able  to  potentiate  the  cellular  damage  induced  in  vitro  by  oxiding  agents 
(Fiorani,  1997). 
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Table  1 .  GSH  (micromole/g  tissue)  levels  in  kidney  tissues  of  1  mT,  2  mT  and  3  mT  exposed  and  control 
guinea  pigs.  Exposure  periods  were  4  hours/day  and  8  hours/day  for  5  days. 


GSH  Level  (micromol/g  tissue) 


GROUPS 

n 

mean  ±  sem 

Control 

7 

3.09±0.48 

1  mT;  4  hours 

8 

6.4410.42 

1  mT;  8  hours 

10 

2.4310.17 

2  mT,  4  hours 

6 

3.4010.32 

2  mT,  8  hours 

8 

5.9310.33 

3  mT;  4  hours 

9 

4.6310.41 

3  mT;  8  hours 

8 

5.1610.50 

To  evaluate  the  effects  of  magnetic  fields  on  antioxidant  defense  system,  GSH  levels  were  measured  on  guinea 
pigs  exposed  to  magnetic  fields  of  1  mT,  2  mT  and  3  mT  fields  with  the  exposure  periods  of  4  hours/day  and  8 
hours/day  for  5  days,  in  this  study.  Our  data  clearly  showed  that  GSH  levels  increase  with  respect  to  controls 
under  the  lowest  magnetic  field  intensity  with  the  relatively  short  exposure  period,  i.e.  4  hours. 

Although  statistically  significant  increased  GSH  levels  were  found  for  the  magnetic  fields  of  1  mT  for  4  hours, 
2mT  and  3  mT  for  8  hours  in  tissues,  no  matter  what  the  exposure  period  was,  kidney  GSH  level  started  to 
increase  at  and  after  2  mT  exposures. 

Antioxidants  are  able  to  reduce  the  effects  of  free  radicals  formed  in  body.  Our  results  indicate  that  chronic 
exposure  to  various  ELF  magnetic  fields  increase  GSH  levels,  which  are  free  radical  scavengers  in  kidney. 


Figure  1.  GSH  levels  in  kidneys  under  effects  of  50  Hz  magnetic  fields  of  1  mT.  2  mT  and  3  mT  with  the 
exposure  periods  of  4  hours  and  8  hours. 
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Abstract 

We  investigated  the  effects  of  continuous  and  intermittent  exposure  to  extremely  low  frequency  (ELF) 
electromagnetic  fields  (EMF)  on  thiobarbituric  acid  reactive  substances  (TBARS)  in  liver.  A  total  of  18  male, 
ten-twelve-weeks-old  guinea  pigs  were  used.  Homogeneous  magnetic  fields  were  generated  from  a  specially 
designed  Helmholtz  coil  system.  The  subjects  were  divided  into  one  control  and  two  exposure  groups  which 
were  exposed  continuously  (4  hours/day)  or  intermittently  (2  hours  on/  2  hours  off  /  2  hours  on)  to  50  Hz 
magnetic  field  of  1.5  mT  for  4  days.  TBARS  levels  were  determined  by  spectrophotometric  method.  Mann 
Whitney-U  test  was  applied  for  statistical  analysis.  Increased  TBARS  levels  were  found  in  liver  tissues  for  both 
of  the  continuous  and  intermittent  exposures  of  1.5  mT.  These  increases  were  found  to  be  statistically  significant 
(p<0.05).  In  conclusion,  both  types  of  the  exposure  to  ELF  electromagnetic  fields  (continuous  or  intermittent) 
could  play  a  role  in  lipid  peroxidation  process. 


Introduction 

Although  the  development  of  technology  provides  people  various  facility,  each  of  advanced  technological 
devices  are  electromagnetic  fields  (EMF)  sources.  People  are  exposed  to  EMF  seriously  by  wide  usage  of  these 
devices.  Most  scientists  have  thought  that  EMF  have  adverse  effects  on  people  health.  Several  studies  have 
been  conducted  on  the  effects  of  EMF  as  epidemiological  and  laboratory  studies.  It  has  been  suggested  that 
there  is  a  link  between  ELF  magnetic  field  exposure  and  the  increased  incidence  of  certain  types  of  tumor, 
particularly  in  leukemia  and  brain  cancer  (Kheifets,  1995,  1997,  2004;  Lin,  1985;  Preston-Martin,  1989;  Bastuji- 
Garin,  1990;  Feychting,  1993;  Wertheimer,  1979,1995;  Hakansson,  2002;  Savitz,  1988).  Eextremely  low 
frequency  (ELF)  electric  and  magnetic  field  exposure  have  recently  been  classified  as  a  possible  carcinogen 
class  3  and  2B  respectively  (NIEHS,  1998;  IARC  2002).  Electromagnetic  field  effects  on  protein  synthesis 
(Canseven,  2005a;  Guler,  1995)  gene  expression,  signal  transduction  (Liburdy,  1992,1993),  DNA  damage  (Lai, 
2004;  Jajte,  2001,2002),  immune  system  functions  (Canseven,  2006),  apoptosis  induction  (Blumenthal,  1997), 
enzyme  regulation  (Canseven,  2003a, 2003b,2004,2005b;  Brocklehust,  1996;  Khadir,  1999),  free  radical  activity 
(Guler,  2004;  Kula,  2000)  have  been  investigated  and  reported  in  vivo  and/or  in  vitro  experiments.  Studies 
conducted  on  free  radical  activities  show  that  EMF  Magnetic  fields  increase  the  activation  of  free  radicals  in 
tissues  (Boland,  2002).  The  amounts  and  the  activities  of  free  radicals  are  important  for  tissue  metabolism. 
Because  free  radicals  are  very  reactive  and  unstable  molecular  species,  they  can  initiate  chain  reactions  to  form 
new  free  radicals.  Increased  free  radical  activity  in  cellular  levels  can  cause  increase  in  lipid  peroxidation  which 
is  known  as  a  major  factor  in  formation  of  the  oxidative  stress. 

To  answer  the  question  “Can  intermittent  or  continuous  exposures  to  extremely  low  frequency  magnetic  field 
increase  lipid  peroxidation  in  liver?”,  we  examined  the  effect  of  continous  or  intermittently  exposure  of  1.5  mT 
magnetic  field  in  this  study.  Guinea  pigs  were  exposed  to  continuous  and  intermittent  magnetic  fields  with  the 
period  of  4  hours/day  for  4  days  and  lipid  peroxidation  was  determined  by  measuring  levels  of  TBARS  in  liver. 


1399 


CANSEVEN  A.  G„  TOMRUK  A.,  COSKUN  S„  SEYHAN  N. 


Materials  and  Methods 
EMF  System  and  Exposure 

The  experimental  protocol  was  reviewed  and  approved  by  the  Laboratory  Animal  Care  Committee  of  Gazi 
University  (Report  no  :  39-5858).  A  total  of  18  male  guinea  pigs  weighting  between  250  and  300g  were  used  in 
this  study.  All  animals  were  kept  under  laboratory  conditions  and  fed  standard  pellet  food. 

50  Hz  magnetic  field  was  produced  by  42.75  cm  diameter  Helmholtz  coil  with  winding  embedded  in  an  open 
wooden  circular  frame  (Canseven,  2005c).  Each  coil  was  constructed  by  insulated  copper  wire  with  154  turns. 
Sinusoidal  current  of  frequency  50  Hz  was  supplied  by  a  specially  designed  variable  transformer  (2.7  kilo  Volt 
Amper-kVA)  in  power  to  feed  the  coils.  A  Hall-Effect  Gaussmeter  measured  the  magnetic  field  at  the  center  of 
exposure  system.  Frequency  and  wave  form  of  the  magnetic  field  was  monitored  over  an  ossiloscope.The 
plexiglas  animal  cage  was  put  at  the  center. 

Animals  were  divided  into  three  groups,  controls  and  two  magnetic  field  exposure  groups.  Exposure  groups 
were  exposed  to  continuously  (4  hours/day)  or  intermittently  (2  hours  on/  2  hours  off/  2  hours  on)  to  50  Hz  MF 
of  1.5  mT  with  the  exposure  periods  of  for  4  days.  Controls  were  handled  in  an  identical  manner  without  being 
exposed  to  any  magnetic  field. 

Following  12  h  of  starvation,  guinea  pigs  were  injected  intramuscularly  with  ketamine  (30  mg/kg)  and  xylazine 
(2  mg/kg)  combined  with  250  IU/kg  heparin.  The  liver  was  sampled  immediately.  They  shocked  by  liquid 
nitrogen  and  stored  in  deep  freezer  at  -80°C  until  performing  analysis. 

Determination  of  Lipid  Peroxidation 

Lipid  peroxidation  was  quantified  by  measuring  the  formation  of  thiobarbituric  acid  reactive  substances 
(TBARS).  TBARS  level  of  liver  tissues  was  determined  according  to  the  Cassini  et  al.'s  spectrophotometric 
method  (Cassini,  1986).  Tissues  were  homogenized  in  nine  volumes  of  cold  10  %  TCA  solution  and  the 
homogenate  was  centrifuged  for  15  min.  At  3000xg  at  4°C.  The  supernatants  were  transferred  to  glass  test  tubes 
containing  0.375  %  (w/v)  thiobarbituric  acid  and  0.02  %  (w/v)  butylated  hydroxytoluene  to  prevent  further 
peroxidation  of  lipids  during  subsequent  steps.  The  samples  were  then  heated  for  15  min  at  100°C  in  a  boiling 
water  bath,  cooled  and  centrifuged  to  remove  precipitant.  The  absorbance  of  each  sample  was  determined  at  532 
nm.  All  experiments  were  run  in  a  blind  manner. 

Statistics 

Statistical  analyses  were  carried  out  using  SPSS  software  (SPSS  11.5  for  windows,  SPSS  Inc.,  Chicago,  USA). 
The  p  value  was  considered  significant  at  p<0.05.  Both  comparisons  between  exposed  groups  and  controls,  and 
comparisons  between  intermittent  and  continuous  exposed  groups  were  made  by  using  Mann  Whitney-U  test. 


Results 

In  this  study,  TBARS  level  was  investigated  in  liver  tissues  of  guinea  pigs  which  were  continuously  or 
intermittently  exposed  to  50  Hz  magnetic  field  of  1.5  mT  with  the  daily  exposure  of  4  hours  for  4  days. 
Compared  with  the  control  TBARS  levels  were  found  significantly  increased  both  continuous  (p=0,009)  and 
intermittent  (p=0.016)  exposures  in  liver  tissues  (Tablel-Fig  1).  Continuous  and  intermittent  exposures  were 
compared  and  found  that  there  was  no  any  statistical  difference  between  them  (p=0.093). 

Table  1.  Levels  of  TBARS  (nmol/gr)  in  livers  under  50  Hz  magnetic  field  of  1.5  mT 


GROUPS 

n 

TBARS 
(nmol/g  tissue) 
mean  ±  sem 

Control 

6 

79,32+3,65 

Continuous  Exposure 

6 

90,81+1,16 

Intermittent  Exposure 

6 

94,98+2,79 

1400 


EFFECTS  OF  EMF  ON  FIVER  TBARS  IN  VIVO 


Discussion 

Levels  of  TBARS  were  measured  in  livers  to  determine  the  lipid  peroxidation  which  is  one  of  the  major  factor 
in  formation  of  oxidative  stress. 

We  found  significantly  increased  liver  TBARS  levels  of  guinea  pigs  which  were  exposed  to  1.5  mT  continuous 
(4  hours/day)  and  intermittent  (2  hours  on/  2  hours  off/  2  hours  on)  exposures  for  4  days  compared  with  the 
control  groups.  This  was  in  agrement  with  our  previous  studies  in  MDA  (Coskun,  2006).  We  found  statistically 
significant  increases  in  liver  MDA  levels  under  the  magnetic  fields  of  lmT  (p=0.023)  and  2  mT  (p=0,027)  with 
4  hours  of  daily  continuous  exposure  for  5  days  These  data  reveal  that  increase  of  MDA  levels  as  an  indicator 
of  lipid  peroxidation  may  give  rise  to  formation  of  oxidative  stress  in  tissues. 


LIVER 


in 


□  control 

□  continuous 

□  intermittent 


Figure  1.  TBARS  (nmol/g  tissue)  levels  in  liver  of  1.5  mT  exposed  and  control  guinea  pigs.  Exposure  was 
continous  or  intermittent  for  4  days. 
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Abstract 


Reactive  oxygen  species  (ROS)  are  constantly  generated  in  small  amounts  during  metabolic  processes.  Recent 
studies  have  demonstrated  that  electromagnetic  fields  (EMF)  can  cause  increase  in  ROS  formation  and  resulting 
oxidative  stress.  The  aim  of  this  study  was  to  investigate  the  effects  of  continuous  and  intermittent  exposure  to  a 
magnetic  field  (MF)  on  NOx  levels  in  the  kidneys  in  guinea  pigs.  A  total  of  18  male  guinea  pigs  weighing  250- 
300  g  were  used.  The  subjects  were  divided  into  one  control  and  two  exposure  groups  which  were  continuously 
or  intermittently  exposed  to  50  Hz  MF  of  1.5  mT  with  4  hours  daily  exposure  for  4  days.  Determinations  of 
NOx  were  performed  by  spectrophotometric  methods.  The  Mann  Whitney-U  test  was  used  in  statistical  analysis. 
Statistically  significant  increases  in  NOx  level  was  found  for  the  intermittent  exposure  to  MF.  These  findings 
indicate  that  increased  NOx  levels  may  reflect  formation  of  reactive  nitrogen  species  following  intermittent 
exposure  to  50  Hz  MF 


Introduction 

Recently,  the  concerns  of  people  about  the  possible  effects  of  the  electromagnetic  fields  (EMF)  on  their  health 
have  been  heightened  with  the  increasing  distribution  and  utilization  of  electrical  machines,  electronic 
equipments,  broadcasting  and  telecommunication  systems  (Takebe,  1999).  For  this  reason,  most  scientists  have 
focused  on  the  effects  of  EMF  exposure  on  people’s  health  and  they  have  conducted  several  epidemiological 
and  laboratory  studies  to  define  the  risks  of  electromagnetic  field  exposures.  Based  on  the  results  of  these 
studies,  there  is  growing  evidence  that  electromagnetic  fields,  the  power  line  frequency  (  50-60  Hz  )  and 
magnetic  field  (MF),  may  increase  the  risk  of  certain  cancers,  likely  by  a  tumor -promoting  /  co  -  promoting 
effect.  Long-term  and  as  well  as  short-term  electromagnetic  field  exposure  can  cause  DNA  damage  and  the  risk 
of  tumor  development.  Taking  into  consideration  of  the  possible  adverse  effects  of  extremely  low  frequency 
(ELF)  electric  and  magnetic  field  exposure,  they  have  been  recently  classified  as  a  possible  carcinogens  class  3 
and  2B  respectively,  in  NIEHS  1998  and  IARC  2002  guidelines  (Tuncel,  2003;  Koifman,  1994;  Parola, 
1994). Especially,  the  cellular  effects  of  ELF  electric  and  magnetic  field  exposure  have  been  investigated 
intensively.  Studies  have  shown  that  EMF  can  induce  cell  proliferation,  variations  of  calcium  concentrations 
(Canseven,  1996;  Canseven,  1999;  Canseven,  2005a),  alteration  of  DNA  integrity,  changes  in  transcription  of 
immediate  early  genes  and  in  protein  synthesis  (Boland,  2002;  Ishisaka,  2000;  Gold,  1994;  Canseven,  2005b) 
and  perturbations  of  the  central  nervous  system  inducing  behavioral  disturbances  in  animals  (Lai,  1996).  In 
addition,  EMF  are  also  able  to  affect  biological  systems  by  increasing  the  level  of  free  radicals  produced  by 
various  oxidative  stress  (Boland,  2002).  Oxidative  stress  is,  a  physiological  condition  characterized  by  an 
elevated  level  of  oxygen  free  radical  species  that  cause  cellular  damage  and  change  vital  functions  and,  is 
critically  important  for  human  health.  Oxidative  stress  occurs  due  to  increased  production  of  reactive  oxygen 
species  (ROS)  such  as,  super  radical,  hydrogen  peroxide,  and  hydroxyl  radical  at  the  time  of  reperfusion,  which 
in  turn  overwhelm  the  endogenous  antioxidant  defense  (Narang,  2004).  The  increase  in  reactive  oxygen  species 
formation  can  cause  the  initiation  of  cumulative  damage  in  the  proteins,  lipids  and  nucleic  acids’  structures. 
Actually,  reactive  oxygen  species  formations  are  related  to  the  metabolic  rate  of  an  organism.  In  summary, 
there  is  a  balance  between  reactive  oxygen  species  formation  and  antioxidative  defense  which  is  important  to 
maintain  homeostasis  within  cells  and  tissues  (Simko,  2004). 
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In  the  formation  of  Reactive  Oxygen  Species,  one  of  the  most  important  reactants  is  nitric  oxide  (  NO  ).  Nitric 
oxide  (NO)  can  undergo  numerous  reactions  as  an  endogenous  mediator  of  numerous  physiological  processes.  It 
has  an  important  role  in  both  oxidative  stress  and  nitrosative  stress.  That  is,  NO  can  interact  with  ROS  in  many 
ways  resulting  in  oxidative  stress  and  it  can  also  undergo  many  reactions  that  result  in  the  formation  of  reactive 
nitrogen  species  (RNOS)  which  cause  nitrosative  stress.  NO  acts  as  biological  messenger  in  many  physiological 
processes  and  plays  a  role  in  pathogenesis  of  many  disorders  (Jelenkovic  et  al.,  2006).  It  was  suggested  that 
nitric  oxide  synthase  (NOS)  activity  or  NO  level  could  have  a  prognostic  value,  which  may  show  the  degree  of 
EMF  induced  tissue  damage  (Noda  et  al.,  2000;  Ilhan  et  al.,  2004;  Ozguner  et  al.,  2005). 

In  this  study,  the  effect  of  continuous  and  intermittent  exposure  of  50  Hz,  1.5  mT  magnetic  field  with  the 
exposure  period  of  4  hours/day  for  4  days  on  NOx  levels  was  investigated. 

Materials  and  Methods 

Animals  and  Magnetic  Field  Exposure 

The  experimental  protocol  was  reviewed  and  approved  by  the  Laboratory  Animal  Care  Committee  of  Gazi 
University  (Report  no  :  39-5858).  A  total  of  18  male,  250-300g  weighted  guinea  pigs  were  used  in  this  study. 
All  animals  were  kept  under  laboratory  conditions  and  fed  standard  pellet  food. 

Homogenous  MF  was  generated  by  Helmholtz  coils’  system.  The  exposure  system  developed  in  our  laboratory 
has  been  described  in  detail  elsewhere  (Canseven,  2005c). 

Animals  were  divided  into  three  groups,  controls  and  two  magnetic  field  exposure  groups.  Exposure  groups 
were  exposed  to  continuously  (4  hours/day)  or  intermittently  (2  hours  on/  2  hours  off/  2  hours  on)  to  50  Hz  MF 
of  1.5  mT  with  the  exposure  periods  of  for  4  days.  Controls  were  handled  in  an  identical  manner  without  being 
exposed  to  any  magnetic  field. 

Following  12  h  of  starvation,  guinea  pigs  were  intramuscularly  injected  with  combinations  of  ketamine  (30 
mg/kg),  xylazine  (2  mg/kg)  and  250  IU/kg  heparin.  The  kidney  were  sampled,  shocked  by  liquid  nitrogen  and 
stored  at  -80°C  until  performing  analysis.  All  experiments  were  run  in  a  blinded  manner. 

Determination  of  NO  Levels 

NOx  levels  -  stable  end  products  of  nitric  oxide-  in  kidney  tissues  were  measured  by  the  Griess  reaction  (Green, 
1982). 

Tissue  samples  were  homogenized  in  five  volumes  of  phosphate  buffer  (pH=  7.5)  and  centrifuged  at  2000x  g  for 
5  min.  to  supernatants  (0.5  ml)  0.25  ml  of  0.3  M  NaOH  were  added.  After  incubation  for  5  min  at  room 
temperature,  0.25  ml  of  10%  (w/v)  ZnS04  was  added  for  deproteinization.  This  mixture  was  then  centrifuged  at 
14000x  g  for  5  min  and  supernatants  were  used  for  the  Griess  assay. 

Nitrate  levels  in  tissue  homogenates  were  determined  spectrophotometrically,  based  on  the  reduction  of  nitrate 
to  nitrite  by  VaCI3  (Miranda,  2001).  Nitrite  levels  were  measured  by  the  Griess  reaction.  Sodium  nitrite  and 
nitrate  solutions  (1,  10,  50,  100  p.M)  were  used  as  standards. 

Statistics 

Statistical  analyses  were  carried  out  using  SPSS  software  (SPSS  11.5  for  windows,  SPSS  Inc.,  Chicago,  USA). 
The  p  value  was  considered  significant  at  p<0.05.  The  Mann  Whitney-U  test  was  used  in  statistical  analysis. 
Both  comparisons  between  exposed  groups  and  controls,  and  comparisons  between  intermittent  and  continuous 
exposed  groups  were  made  by  using  Mann  Whitney-U  test. 


Results 

In  this  study,  guinea  pigs  were  continuously  or  intermittently  exposed  to  magnetic  field  of  1 .5  mT  with  4  hours 
daily  exposure  for  4  days  and  levels  of  NOx  in  kidney  were  determined.  An  increased  level  of  NOx  was  found 
in  intermittent  exposed  animals  (385.58+  18.79)  with  respect  to  controls  (302.42±  6.18).  This  increase  was 
statistically  significant  (p=0.009). 

Continuous  and  intermittent  exposures  were  also  compared.  Significant  difference  (p=0.016)  was  determined 
between  continuous  and  intermittent  exposed  groups.  Although  both  of  the  exposures  increased  the  levels  of 
NOx,  intermittent  exposure  was  more  effective  than  continuous  exposure  in  this  study  (Table  1-  Figure  1).. 
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Table  1.  NOx  levels  (pmol/g  )  in  kidney  of  guinea  pigs  under  50  Hz  magnetic  fields  of  1.5  mT 


KIDNEY 

Total 

(pmol/gr) 

mean+sem 

Control 

30. ,42  +  6.18 

Continuous  Exposure 

314.30+10.71 

Intermittent  Exposure 

385.58  +  18.79 

Discussion 

NO  (  Nitric  oxide),  one  of  the  primary  indicators  of  ROS  (reactive  oxygen  species)  production,  may  contribute 
to  the  pathophysiology  of  EMF  -  induced  renal  impairment.  It  can  also  undergo  many  reactions  that  result  in  the 
formation  of  reactive  nitrogen  species  (RNOS),  which  cause  nitrosative  stress.  Nitrogen  derived  species 
(RNOS),  most  notably  the  ONOO’  (peroxynitrite)  and  peroxynitrous  acid  (ONOOH  )  are  likely  involved  in 
renal  damage  during  oxidative  stress  in  all  tissues  (Wink,  2000;  Ozguner,  2005). 

In  this  study,  we  found  significantly  increased  NOx  levels  in  kidneys  under  intermittent  exposure  to  50  Hz 
magnetic  field  of  1 .5  mT. 

Our  results  indicate  that,  intermittent  magnetic  field  exposure  may  cause  the  change  in  renal  functions  with  the 
high  levels  of  reactive  oxygen  species  production. 


KIDNEY 


g  □  control 


Figure  1.  NOx  levels  (pmol/gr)  in  kidneys  under  50  Hz  magnetic  fields  of  1.5  mT. 
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Interest  in  researches  on  the  health  effects  of  extremely  low  frequency  electromagnetic  fields  (ELF  EMF)  is 
rapidly  growing.  ELF  EMF  has  been  classified  as  2B,  possibly  carcinogenic  to  humans,  by  the  International 
Agency  for  Research  on  Cancer.  It  is  believed  that  ELF  EMF  prolongs  the  life  of  free  radicals  and  can  act  as  a 
promoter  or  co-promoter  of  cancer.  It  is  also  known  that  magnetic  fields  cause  an  increase  in  free  radicals 
activity  in  living  organisms.  Free  radicals  are  very  reactive  and  unstable  molecular  species  that  can  initiate  chain 
reactions  to  form  new  free  radicals.  In  the  present  study,  we  investigated  the  effect  of  various  magnetic  fields  on 
lung  tissue  damage  resulting  from  oxidative  stress  by  measuring  nitric  oxide  (NOx)  levels.  Twenty-three  guinea 
pigs  were  exposed  to  50  Hz,  1  mT  and  3  mT  fields  with  the  exposure  periods  of  4  hours/day  and  8  hours/day  for 
5  days.  Control  subjects  (n=9)  were  handled  in  an  identical  manner  with  the  exposed  animals  in  the  same 
laboratory.  NOx  levels  -  stable  end  products  of  nitric  oxide  -  in  lung  tissues  were  determined 
spectrophotometrically  using  he  Griess  reaction.  For  both  of  the  application  periods,  increases  in  NOx  level 
were  found  by  the  effect  of  3  mT  MF  whereas  increased  NOx  level  was  determined  only  for  groups  of  1  mT,  4 
hours.  Nitric  oxide  (NO)  has  play  an  important  role  related  to  ELF  magnetic  fields’  exposure  in  lung  tissue. 


Introduction 

In  recent  years,  scientists  have  focused  on  the  effects  of  electromagnetic  fields  (EMF)  on  living  organisms  in 
cellular  levels.  These  major  interests  have  been  born  of  the  overexposure  of  people  to  extremely  low  frequency 
(ELF)  electromagnetic  fields  (EMF)  with  the  increase  of  wide  use  of  technological  devices  in  their  daily  life.  In 
many  epidemiological  and  laboratory  studies,  it  has  been  suggested  that  there  is  a  link  between  ELF  magnetic 
field  exposure  and  the  increased  incidence  of  certain  types  of  tumor,  particularly  in  leukemia  and  brain  cancer 
(Lin,  1985;  Preston-Martin,  1989;  Bastuji-Garin,  1990;  Feychting,  1993;  Wertheimer,  1979,  1995;  Savitz, 
1988;).  A  variety  of  EMF  effects  on  biological  and  biochemical  responses  such  as  protein  synthesis  (Kenneth, 
1987;  Gold,  1994;  Canseven,  2005b),  gene  expression,  signal  transduction  and  DNA  damage  (Liburdy,  1992, 
1993;  Jajte,  2001;  Lai,  2004),  immune  system  functions  (Canseven,  2006;  Seyhan,  2006;  Walleczek,  1992;  De 
Seze,  1993;  Blumenthal,  1997;  House,  2000,  1996;  Tremblay,  1996),  apoptosis  induction  (Blumenthal,  1997; 
Jajte,  2002),  enzyme  regulation  (Canseven,  2003a,  Canseven,  2003b;  Canseven,  2004;  Canseven,  2005a, 
Brocklehurst,  1996),  free  radical  activity  (Kula,  2000;  Kula,  2002;  Roy,  1995;  Khadir,  1999;  Simko,  2001; 
Sboczak,  2002;  Yokus,  2005;  Watanabe,  1997;  Fiorani,  1997;  Mohtat,  1998;  Kashkalda,  1995;  Jin,  1998)  have 
been  described  in  the  reports  of  many  in  vivo  and/or  in  vitro  experiments.  Magnetic  fields  penetrate  the  cells  and 
can  alter  cell  membrane  potential  and  the  concentration  of  ions  (Canseven,  1999;  Canseven,  2005c;  Garcia- 
Sancho,  1994).  These  alterations  may  affect  free  radical  processes  within  the  cell.  EMF  could  be  also  able  to 
affect  biological  systems  by  increasing  the  amount  of  free  radical  produced  by  various  oxidative  stress  (Boland, 
2002).  ELF  EMF  has  been  thought  to  prolong  the  life  of  free  radicals  and  can  act  as  a  promoter  or  co-promoter 
of  cancer  (Yokus,  2005).  Free  radicals,  which  are  known  as  reactive  oxygen  species  (ROS)  are  continuously 
formed  in  small  amounts  in  biological  systems.  Depending  on  the  oxygen  consumption,  the  production  of  ROS 
increases;  however  there  is  a  balance  between  ROS  formation  and  antioxidant  defense  within  cells  and  tissues. 
In  the  case  of  increase  in  the  formation  of  ROS,  it  has  been  seen  the  initiation  cumulative  damage  to  proteins, 
lipids  and  nucleic  acids  and  various  physiological  conditions,  like  oxidative  stress  has  been  observed.  There  are 
many  factors,  which  cause  the  formation  of  oxidative  stress;  among  them  ROS  production  is  one  of  the  most 
important. 

Nitric  oxide  (NO)  can  undergo  numerous  reactions  as  an  endogenous  mediator  of  numerous  physiological 
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processes.  NO  plays  an  important  role  in  both  oxidative  stress  and  nitrosative  stress. 

Taking  into  consideration  the  activation  of  free  radicals  in  biological  systems,  the  behavior  of  free  radicals  was 
investigated.  NOx  levels  were  measured  in  lung  tissues  of  guinea  pigs  exposed  to  50  Hz,  1  mT  and  3  mT  fields 
with  the  exposure  periods  of  4  hours/day  and  8  hours/day  for  5  days  to  determine  the  effects  of  electromagnetic 
fields  on  ROS  production. 


Materials  and  Methods 
Animals 

The  experimental  protocol  was  reviewed  and  approved  by  the  Laboratory  Animal  Care  Committee  of  Gazi 
University  (Report  no:  36-7838).  A  total  of  32  male  guinea  pigs  weighing  between  250  and  300g  were  used  in 
this  study.  All  animals  were  kept  under  laboratory  conditions  and  fed  standard  pellet  food. 

Magnetic  Field  Exposure 

50  Hz  magnetic  field  was  produced  by  42.75  cm  diameter  Helmholtz  coil  with  winding  embedded  in  an  open 
wooden  circular  frame  (Canseven,  2005d).  Each  coil  was  constructed  by  insulated  copper  wire  and  made  of  154 
turns.  To  feed  the  coils,  sinusoidal  current  of  frequency  50  Hz  was  supplied  by  a  specially  designed  variable 
transformer,  2.7  kVA  (kilo  Volt  Amper)  in  power.  Magnetic  field  at  the  center  of  exposure  system  was 
measured  by  a  Hall-Effect  Gaussmeter.  Frequency  and  wave  form  of  the  magnetic  field  were  monitored  over  an 
ossiloscope.  The  animal  cage  without  magnetic  material  was  put  at  the  center. 

Twenty-three  guinea  pigs  were  exposed  to  50  Hz,  1  mT  and  3  mT  fields  with  the  exposure  periods  of  4 
hours/day  and  8  hours/day  for  5  days.  Control  subjects  (n=9)  were  handled  in  an  identical  manner  with  the 
exposed  animals  in  the  same  laboratory. 

Following  12  h  of  starvation,  guinea  pigs  were  injected  intramuscularly  with  ketamine  (30  mg/kg)  and  xylazine 
(2  mg/kg)  combined  with  250  IU/kg  heparin.  Lungs  were  sampled  immediately.  They  shocked  by  liquid 
nitrogen  and  stored  in  deep  freezer  at  -80°C  until  performing  analysis.  All  experiments  were  run  in  a  blind 
manner. 

Determination  of  NO  Levels 

NOx  levels  -  stable  end  products  of  nitric  oxide-  in  lung  tissues  were  determined  by  the  Griess  reaction  (Green 
et  ah,  1982). 

Tissue  samples  were  homogenized  in  five  volumes  of  phosphate  buffer  (pH=  7.5)  and  centrifuged  at  2000  x  g 
for  5  min.  to  supernatants  (0.5  ml)  0.25  ml  of  0.3  M  NaOH  were  added.  After  incubation  for  5  min  at  room 
temperature,  0.25  ml  of  10%  (w/v)  Z11SO4  was  added  for  deproteinization.  This  mixture  was  then  centrifuged  at 
14000  x  g  for  5  min  and  supernatants  were  used  for  the  Griess  assay. 

Nitrate  levels  in  tissue  homogenates  were  determined  spectrophotometrically,  based  on  the  reduction  of  nitrate 
to  nitrite  by  VaCI3  (Miranda  et  ah,  2001).  Nitrite  levels  were  measured  by  the  Griess  reaction.  Sodium  nitrite 
and  nitrate  solutions  (1,  10,  50,  100  liM)  were  used  as  standards. 

Statistics 

Statistical  analyses  were  carried  out  using  SPSS  software  (SPSS  11.5  for  windows,  SPSS  Inc.,  Chicago,  USA). 
The  p  value  was  considered  significant  at  p<0.05. 

Mann  Whitney-U  and  Kruskal -Wallis  tests  were  used  in  statistical  analysis.  Comparisons  between  exposed 
groups  and  controls  were  made  by  using  Mann  Whitney-U  test  while  magnetic  fields  of  lmT  and  3  mT  were 
compared  with  Kruskal- Wallis  test  with  respect  to  exposure  periods  of  4  hours  and  8  hours. 


Results 

In  this  study,  the  NOx  level  was  investigated  in  lung  tissues  of  guinea  pigs  which  were  exposed  to  magnetic 
fields  of  lmT  and  3  mT  with  the  exposure  periods  of  4  hours/day  and  8  hours/day  for  5  days.  For  both  of  the 
application  periods,  NOx  levels  were  found  increased  with  respect  to  controls  in  lung  tissues  of  guinea  pigs 
exposed  to  both  of  the  magnetic  fields  (Table  1-  Figure  1). 

The  increases  in  NOx  levels  were  found  statistically  significant  for  1  mT,  4  hours  (p=0.003),  3  mT,  4  hours 
(p=0.001)  and  3  mT,  8  hours  (p=0.000)  in  lung  tissues  by  Mann-Whitney  U  test. 

Field  intensities  were  compared  with  respect  to  exposure  periods  by  Kruskal- Wallis  test.  Significant  differences 
were  determined  between  field  intensities  of  1  mT  and  3  mT  in  lung  tissues  for  only  exposure  period  of  8  hours 
(p=0.004). 


1408 


CANSEVEN  A.  G„  COSKUN  S„  SEYHAN  N. 


Table  1.  Lung  NOx  levels  of  guinea  pigs  under  the  effects  of  50  Hz  magnetic  fields  of  1  mT  and  3  mT  with  the 
exposure  periods  of  4  hours/day  and  8  hours/day  for  5  days. 


GROUPS 

n 

NOx  Level  (pmol/g  tissue) 
(mean  ±  sem) 

Control 

9 

103.61  ±3.80 

1  mT;  4  hours 

4 

141.65  ±3.61 

1  mT;  8  hours 

4 

1 10.78  ±  1.40 

3  mT;  4  hours 

7 

133.31  ±4.90 

3  mT;  8  hours 

8 

131.99  ±3.08 

Discussion 

For  both  of  the  exposure  periods,  significant  increases  in  NOx  levels  were  found  by  the  effect  of  3  mT  magnetic 
field  whereas  increased  NOx  levels  were  found  only  for  groups  of  1  mT,  4  hours. 

TBARS  levels  in  the  same  tissue  for  the  same  exposure  conditions  were  also  investigated  in  our  laboratory 
(Canseven  2005e).  The  increased  NOx  levels  in  lung  for  1  mT,  4  hours  and  3  mT,  4  hours  was  found  consistent 
with  the  increases  of  TBARS  in  these  tissues. 

Further  studies  are  required  to  better  elucidate  the  mechanisms  of  the  effect  of  ELF  MFs  on  lipid  peroxidation  or 
oxidative  stress  in  tissues. 
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Figure  1.  Lung  NOx  levels  of  1  mT  and  3  mT  exposed  and  control  guinea  pigs. 
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Abstract 

The  behavior  of  a  double  layer  arterial  section  of  unit  length  is  studied  under  the  effect  of  radial  pressure.  The 
proposed  model  considers  that  the  radial  pressure  follows  an  exponential  rise  exponential  decay  biphasic 
periodic  function  mathematically  represented  by  a  Fourier  series.  The  dependence  of  the  arterial  strain  response 
on  viscoelastic  properties  of  each  layer  is  studied.  The  dissipated  and  stored  power  per  unit  length  of  the  vessel, 
are  computed.  The  stress-strain  response  is  modeled  for  each  layer.  Storage  and  loss  moduli  are  deduced  as  well. 


Introduction 


The  study  of  the  viscoelastic  properties  and  response  of  the  blood  vessels  have  been  one  of  the  most 
important  and  biomechanical  field  of  research  for  quite  a  while.  This  study  represents  an  essential  step  towards 
controlling  the  efficiency  of  the  blood  pulse  propagation  process.  The  blood  pulse  propagates  along  the  axis  of 
the  blood  vessels,  namely  arteries,  with  a  radial  component  pulsating  on  the  inner  wall.  This  propagation  is 
similar  to  the  propagation  of  waves  in  media.  The  arterial  pulse  is  considered  as  a  pressure  wave  travelling  down 
the  multilayer  wall  associated  with  a  strain  wave.  The  arterial  strain  response  is  the  main  issue  here  as  it  can  be 
considered  as  an  energy  storage  element  that  pushes  the  blood  spurts  forward  down  the  artery.  The  rigidity  or 
distensibility  of  the  arteries  causes  the  pressure  to  be  very  high  during  systole  and  it  would  fall  to  low  values 
during  diastole.  The  blood  flow  as  a  result  of  this  would  be  intermittent.  Furthermore,  the  reduced  distensibility 
of  the  arterial  wall  has  a  direct  effect  on  the  efficiency  of  the  heart  markedly  increasing  its  oxygen  consumption 
making  its  attack  more  likely.  It  is  thus  extremely  important  to  simulate  the  pressure  wave  propagation  and  its 
pulsating  radial  component.  The  problem  is  complicated  not  only  because  of  the  non-linearity  in  blood  vessels 
elasticity,  but  because  of  the  varying  nature  of  the  pulse  wave  as  well.  The  anisotropic,  multilayer  and  nonlinear 
viscoelastic  properties  of  the  arterial  walls  lead  to  certain  mathematical  complications  when  the  radial 
dimensions  are  considered  under  the  effect  of  pulsating  pressure. 

Previous  work  was  concerned  with  mechanical  and  mathematical  simulation  to  produce  stress-strain  relation 
for  different  soft  tissues.  Yu  Q.  et  al.  [1]  evaluated  the  force -deformation  relations  for  different  layers  of  blood 
vessels  by  studying  the  non  axis  symmetric  deformation  of  the  vessel  wall.  This  was  done  by  imposing  bending 
on  the  vessel.  Young’s  modulus  is  given  for  the  intima  media  and  the  adventitial  layers  of  the  thoracic  artery. 
The  circumferential  stretch  and  axial  stretch  of  abdominal  arteries  are  given  for  different  pressure  values  by 
Schulz-Bauer  et  al.  [2]  for  both  normal  and  hypertensive  patients.  They  proposed  a  method  to  determine 
nonlinear  constitutive  models  for  human  arteries  from  clinical  data  using  a  strain  energy  function.  Mechanical 
properties  are  obtained  by  reliable  experimental  setups  especially  for  different  arterial  layers,  collagen  and  body 
tissues  [3].  The  degree  of  nonlinearity  and  blood  vessel  elasticity  was  studied  by  J.  Zhou  and  Y.  C.  Fung  [4] 
introducing  a  pseudo  strain  energy  function  and  fitting  experimental  data  to  produce  its  parameters.  Furthermore 
the  relationship  between  wall  shear  stress  and  intimal  thickening  for  the  abdominal  aorta  was  determined  by 
Micheal  Bonert  et  al.  [5],  who  measured  experimentally  the  wall  shear  stress  using  the  laser  photochromic  dye 
tracer  technique. 

Imaging  the  mechanical  properties  of  thrombosis,  plaques  and  arterial  wall  can  aid  in  the  characterizing  and 
understanding  of  the  pathogenesis  of  the  cardiovascular  disease.  Intravascular  ultrasound  is  a  widely  used 
method  of  imaging  the  coronary  arteries.  Strain  and  elasticity  images  are  generated  to  determine  mechanical 
properties  of  arterial  tissues  [6],  [7],  [8].  Toshiaki  Shishido  et  al.  developed  a  new  technique  by  applying  minute 
vibrations  at  various  frequencies  to  evaluate  regional  myocardial  elastance  and  Young.s  moduli  at  different 
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regions  [9].  Blood  flow  and  pressure  in  the  larger  systemic  arteries  are  modelled  by  structuring  a  tree  attached  to 
the  terminal  branches  in  which  the  root  impedance  is  estimated  using  an  approach  based  on  a  linearization  of  the 
viscous  axisymmetric  Navier-Stokes  equations  [10]. 

In  the  present  work,  periodic  pressure  pulses  are  assumed  to  act  in  a  radial  direction  on  the  inner  wall  of  an 
arterial  section.  The  periodic  pulses  are  represented  mathematically  by  a  Fourier  series.  These  pulses  are 
considered  to  fluctuate  between  maximum  values  of  a  fraction  of  the  mean  arterial  pressure.  They  approximately 
follow  the  known  shape  of  the  arterial  pulse.  Though  the  in  vivo  reported  arterial  pulses  show  faster  rise  than 
decay  [11],  we  assume  here  that  they  are  symmetric  pulses.  Biaxial  symmetry  of  the  artery  is  assumed  as  well. 
The  radial  pressure  pulses  are  assumed  to  follow  the  heart  beats  with  the  same  frequency.  Some  of  the  reported 
values  concerning  mechanical  responses  of  arteries  [1],  [2],  [3],  [12]  are  adopted. 

An  R-L-C  double  section  series  circuit  is  proposed  to  simulate  the  double  layer  arterial  wall.  The  flow  of 
electric  charge  in  the  circuit  is  analogous  to  the  strain  fluctuations,  the  input  voltage  to  the  radial  pressure  pulses 
and  the  current  is  the  pulse  velocity.  Parameters  required  to  implement  the  mathematical  model  at  hand  are 
changed  in  appropriate  ranges  to  show  arterial  stiffness,  pulse  damping,  variation  of  the  elasticity  constant  and 
heat  loss. 


The  Model 

A  simplified  model,  introduced  earlier  [13],  simulates  the  viscoelastic  behaviour  of  a  single  layer  blood  vessel 
in  response  of  the  blood  pulses  acting  in  a  radial  direction  on  its  inner  wall.  The  proposed  double  layer  arterial 
section  is  modelled  as  shown  in  Fig.  1. 

AL 


◄ - ► 


Fig.l.  Double  layer  mechanical  model 


A  section  of  unit  length  of  the  artery  is  assumed  to  be  a  double  layer  viscoelastic  cylindrical  tube.  The  inner 
layer  is  assumed  to  be  the  intima  media  layer  with  elasticity  modulus,  Ei,  while  the  outer  one  is  the  adventitial 
layer  with  E2 .  The  inner  radii  of  the  two  layers  are  R0i  and  R02  .The  elastic  behaviour  of  the  artery  segment  is 
represented  by  that  of  a  spring  with  spring  constants,  ky  and  K2'  while  its  viscous  component  is  represented  by 
a  dash  pot  of  friction  coefficients  Bf  and  B2  for  the  first  and  second  layers  respectively. 

The  second  degree  differential  equation  that  governs  the  strain  functions,  Ei(t)  and  S2(t)  of  the  interface  of  the 
two  layers  and  the  inertial  forces  on  them  is  as  follows: 


d2Si(t)  dsi  (t) 

- —  =  F1 


dt 

d2S-y(t) 

— 


=  r2(,,-B2 


dt 

da  2  (t) 

dt 


~K2£2^ 


(1) 
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where  BI=BI'/p,l  ,  K,=K1'/pn,  B2=B2/pt2  ,  K2=K2'/p ,2,  are  normalized  viscosity  and  elasticity  coefficients  to 
the  linear  mass  densities,  p,i,  p, 2  for  inner  and  outer  layers  respectively.  F  j(t)  is  defined  as  the  normalized  radial 
component  of  the  force  due  to  blood  pressure  pulses,  P2(t),  pulsating  on  the  inner  layer  such  that: 

Fj  (t)=2nP1(t)  / pn  F2  (?)  =2nP2(t)  / pl2  (2) 


Mathematical  Analysis 

Firstly,  P2(t)  is  assumed  to  take  the  waveform  of  a  biphasic  exponential  rise  exponential  decay  periodic 
function,  given  below: 


PQ( \-2e  tnlT ) 

P0( 2e~7r^t~T^/T  -1) 


0  <t>T 
T  <  t  >  IT 


(3) 


The  proposed  model  assumes  the  same  time  interval,  T,  for  the  rise  and  decay  pulse  components  and  hence 
equal  decay  constants.  It  is  assumed  that  the  pulses  fluctuate  between  equal  values  ±Pa  . 

A  Fourier  series  is  deduced  to  represent  Pi(t).  The  coefficients  of  the  Fourier  series,  produced  by  integration  on 
the  two  time  intervals  given  in  eq.(3),  give  a  final  form  of: 


_ jr  nrt 

op  (e  (cos«;r-l)-(cosH;r  +  l))cos - 

pr(t)  =  -pn  x  T 


K 


1  _ 


.  fl  7Tt  1  -K 


n-l-\ — ( e  71  (cos  nn  —  2)  -  (cos  njr  +  I))  sin  - e  "cos  nx 

n  T  n 


(4) 


Fig.  2  shows  the  pressure  periodic  waveform.  The  maximum  value  P0,  is  assumed  to  be  a  10%  of  the  mean 
arterial  pressure  in  adults. 


'ig.  2.  The  figure  shows  a  simulation  of  the  rise  and  fall  of  the 
radial  pressure  in  Pa 

An  equivalent  electrical  model,  introduced  as  a  double  R-L-C  series  circuit,  is  analogous  to  the  mechanical 
model  above.  We  give  full  analogy  between  the  mechanical  system  and  the  equivalent  electrical  circuit  in  details 
in  appendix  1.  We  should  note  that  the  stress  on  each  layer  is  the  difference  in  pressures  on  the  lining  interfaces. 
Thus  the  stress  on  the  inner  layer,  Ti,  is  difference  in  pressure,  P1-P2,  and  the  stress,  T2,  on  the  outer  layer  is  P2- 
P3,  where  Pi  is  the  pressure  on  the  inner  wall,  P2  on  the  interface  between  the  two  layers  and  P3  is  that  on  the 
outer  wall. 

Consequently,  the  strain  is  calculated  as: 

ei(  t)  =  qr  qi 

e2( t)  =  q2  -q3  (5) 

where  qb  q2  and  q<  are  related  to  the  respective  currents  in  the  equivalent  electric  circuit  as  follows: 

t  t  t 

(t)  =  q 2  ( t)  =  \i2(t)dt,  q 3 ( t)  =  \i3(t)dt  (6) 

0^0  0 

Since  P  h  P2  and  P,  are  analogous  with  Vh  V2  and  V'j,  thus  we  can  deduce  the  involved  quantities  in  the  ,v- do  main 
as  follows: 

71  (*)  =  Yeq  (j)V!(s)  (7) 

where  Yeq  represents  the  total  admittance  of  the  two  circuit  section. 
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V2U) 

V30) 


VjCO-ZjCsXflj 

V2(s)-I3(s)(R 


sc 


1 

1 


) 


(8) 


Results 

The  stress  and  the  strain  waveform  for  each  layer  can  be  produced  by  eqs.(5-8).  Strain  pulses  follow  those  of 
the  applied  radial  pressure  having  the  same  frequency  with  a  time  delay.  They  fluctuate  between  equal  values  of 
+  e0. 

Taking  the  strain  response  to  be  the  difference  between  strains  of  boundary  interfaces,  results  are  given  for 
different  parameter  sets  in  Table  1.  The  periodic  time  for  one  pressure  pulse  is  Is. 

The  first  parameter  set,  is  a  simulation  of  normal  performance  with  elasticity  constants  close  to  those  of  intima 
media  and  advetitia  layers  of  real  arteries. 


Fig. 3.  The  stress  waveform  acting  on  the  inner  layer 
real  and  imaginary  components  in  kPa  vs.  time  in  s 


e  ir  xlO"5 


3- 
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4- 
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Fig. 4.  The  strain  waveform  acting  on  the  inner  layer 
real  and  imaginary  components  vs.  time  in  s 


T2i 


Fig. 5.  The  stress  waveform  acting  on  the  second  layer, 
real  and  imaginary  components  in  kPa  vs.  time  in  s 
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Fig. 6.  The  strain  waveform  acting  on  the  second  layer, 
real  and  imaginary  components  vs.  time  in  s 

Figures  3  and  4  show  the  stress-strain  response  for  the  inner  layer,  intima  media;  whereas.  Figs.  5  and  6  show 
the  stress-strain  response  for  the  adventitia,  outer  layer.  They  show  elastic  response  of  about  3%,  which  is  much 
higher  than  the  inner  layer.  This  is  taken  into  account  by  parameters  adjustment 


Table  1.  Normalized  Parameter  sets  used  as  input  for  computer  runs. 


set 

K, 

106  s"2 

k2 

106  s"2 

e  01r 
10"3% 

eon 

10"3% 

S  02r 
% 

S02i 

% 

p 

1  diss 

w/m 

P sir 

w/m 

1 

8 

0.05 

3 

0.03 

3 

2 

83.850 

101.640 

2 

4 

0.8 

0.5 

0.008 

0.4 

0.4 

13.775 

19.7611 

3 

0.4 

.02 

0.1 

8 

6 

6 

1502.75 

2486.04 

For  all  sets  P0  and  T  are  kept  constant  at  1.6  kPa  and  0.5s  respectively,  p ,  /,  pt2  are  kept  at  25 g/m  and  12 g/m 
and  Bh  B2  have  the  values  0.4s"1  and  0.417s"1  respectively. 

Fig.  7  shows  the  computed  power  versus  time.  The  real  component,  Pdiss,  corresponds  to  the  energy  loss  per 
second  while  the  imaginary  component  represents  the  stored  energy  per  second,  PsK.  The  average  values  of  the 
power  dissipated  and  that  stored,  measured  in  w/m,  computed  over  one  pressure  pulse  for  each  set  are  given  in 
Table  1. 


Fig. 7.  The  power  dissipated  and  that  stored  in  w/m  vs.  time  in  s 

The  storage  and  loss  moduli  are  computed  using  the  above  parameter  sets.  The  average  values  calculated  are 
shown  in  Table  2. 


Table  2.  Storage  and  loss  moduli  for  a  double  layer  section. 


set 

Elossl 

Estrl 

Eloss2 

Estr2 

103  kPa 

103  kPa 

kPa 

kPa 

1 

432.031 

460.852 

23.822 

46.442 

2 

3744.905 

4024.505 

125.022 

237.566 

3 

10.3577 

11.0498 

0.9822 

1.8067 
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DISCUSSION: 


Despite  the  enormous  difficulties  studying  pulsating  flow  in  an  elastic  tube  of  anisotropic  material,  the  elastic 
analogy  offers  an  adequate  tool  for  approaching  this  case.  The  proposed  model  assumes  linear  stress-strain 
relationship  and  biaxial  isotropy  of  the  blood  vessel.  It  offers  a  new  perception  towards  the  understanding  of  the 
mechanism  of  arterial  pulsating  nature.  The  elasticity  modulus  is  computed  using  the  stress  and  the  strain 
complex  functions  for  each  layer. 

The  equivalent  resistance,  Req ,  is  the  component  that  is  responsible  for  the  dissipated  energy  per  pulse  per 
meter,  edlss.  Whereas  the  equivalent  reactance,  Xeq,  is  the  component  that  is  responsible  for  the  stored  energy  per 
pulse  per  meter,  est.  These  can  be  deduced  as  follows: 

The  results  offer  an  understanding  of  how  energy  is  stored  and  dissipated  through  a  cyclic  change  of  the  radial 
pressure.  Also  the  complex  nature  of  the  elasticity  modulus  is  illustrated,  in  the  absence  of  reliable  experimental 
values  for  many  biological  constants  of  blood  vessels.  This  work  has  to  deal  with  hypothetical  set  of  values  that 
are  believed  to  approach  some  previously  reported  values. 

Accordingly  the  stress-strain  pattern,  the  elasticity  moduli,  as  well  as  the  stored  and  dissipated  power  are 
dependant  on  the  chosen  set  of  values.  The  model  proposed  is  valid  to  some  extent  according  to  reported 
experimental  data.  Furthermore,  it  shows  that  under  all  circumstances  the  strain  developed,  in  both  layers,  lags 
the  radial  pressure  and  follows  the  pulsating  wave  shape.  The  elasticity,  dissipated  and  stored  power  per  unit 
length  of  both  layers  do  as  well. 
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APPENDIX  1 


The  second  order  differential  equation  that  governs  the  electrical  charge  Q  with  circuit  components 
and  input  voltage  V0  is: 


dr 


L  dt 


LC 


GO) 
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By  analogy  between  the  two  systems,  mechanical  and  electrical,  we  note  that: 
Vo(t)  <r+2n  P,(t ) ,  R/L  <->  B,  1/LC  <-+K,  L^p, 


1418 


THE  ELECTROMAGNETIC  WAVES  OF  950  MHz,  GSM 
MOBILE  PHONE  SYSTEM  AND  ACQUISITION  PHASE 

OF  SPATIAL  MEMORY 


MAJID  JADIDI 

PHYSIOLOGY  RESEARCH  CENTER,  SEMNAN  UNIVERSITY  OF  MEDICAL 

SCIENCES,  SEMNAN,  IRAN 

Jadidim@  Hotmail,  com 


S.M.P.  FIROOZABADI 

DEPARTMENT  OF  MEDICAL  PHYSICS,  TARBIAT  MODARES  UNIVERSITY, 

TEHRAN,  IRAN 

Pourmir@Modares.ac.ir 


ALI  RASHIDY-POUR 

PHYSIOLOGY  RESEARCH  CENTER,  SEMNAN  UNIVERSITY  OF  MEDICAL 

SCIENCES,  SEMNAN,  IRAN 

Rashidy-pour@Sem-ums.ac.ir 


BAHRAM  BOLOURI 

DEPARTMENT  OF  MEDICAL  PHYSICS,  IRAN  UNIVERSITY  OF  MEDICAL 

SCIENCES,  TEHRAN,  IRAN 

BBolouri@Iums.ac.  ir 


YAGHOUB  FATHOLLAHI 

DEPARTMENT  OF  PHYSIOLOGY,  TARBIAT  MODARES  UNIVERSITY, 

TEHRAN,  IRAN 

Fatolahi  @  modares.ac.  ir 


1419 


M.  JADIDI,  S.M.P.  FIROOZABADI,  A.  RASHID  Y-POUR,  et  al 


Abstract 

With  increasing  in  mobile  communications,  exposure  to  electromagnetic  fields  due  to  base  station  antenna  has 
increased.  This  study  was  planned  for  evaluating  the  effects  of  whole-body  exposure  to  950  MHz  GSM 
electromagnetic  field  on  acquisition  phase  of  spatial  memory. 

35  naive  male  Wistar  Rats  (3  month  old,  220  *15  g)  randomly  divided  in  three  groups  (control,  sham-exposed 
and  exposed)  and  were  trained  in  a  circular  Morris  water  maze  (3  days  at  2  blocks,  with  3  hours  interval  between 
blocks)  to  locate  a  submerged  platform.  The  exposure  program  was  planned  for  10  session  (45  min.  and  Power 
density  =  0.835  mW/cm2).  According  to  water  maze  training,  exposure  was  done  just  before  each  training 
session. 

Performances  of  animals  were  tested  24  hours  after  the  last  training,  by  a  60  second  probe  test.  Evaluation 
indexes  were  escape  latency  at  target  and  opposite  quadrants,  swim  speed  and  length. 

Analysis  of  the  probe  data  test  showed  no  significant  difference  between  control,  sham  and  950  MHz  exposed 
groups. 

Results  of  this  study  provide  no  evidence  indicating  that  acquisition  phase  of  spatial  memory  can  be  affected 
by  the  whole-body  exposure  to  950  MHz  electromagnetic  field. 

Keywords:  Electromagnetic  field.  Base  station.  Spatial  memory,  Morris  water  maze 


Introduction 

The  RF  radiations  engage  the  spectrum  of  electromagnetic  waves  between  3  KHz  -  300  GHz.  This  field  can 
induce  thermal  or  non-thermal  effects  on  biological  medium.  Stimulation  of  excitable  tissues  will  occur  readily 
below  1  MHz,  while  thermal  effects  occur  at  higher  frequencies  [5]. 

In  the  last  decade,  many  researches  studied  the  effects  of  exposure  to  electromagnetic  fields  (EMF)  on 
different  nervous  system  functions  such  as  memory  in  human  and  animals.  Some  of  these  studies  have  revealed 
deficits  on  memory  due  to  EMF  exposure  [4;  8-21],  whereas  other  studies  did  not  [2,  3,  6,  7,  26,  31].  Nowadays, 
with  increase  in  mobile  communications,  exposure  to  EMF  due  to  mobile  handset  and  base  station  antenna  has 
increased.  There  are  concerns  about  the  effects  of  mobile  phone  electromagnetic  waves  on  human  body 
functions.  These  concerns  emerge  from  results  of  epidemiological  studies  contributed  to  effects  of  mobile  phone 
on  human  body.  For  example  some  of  reports  indicated  that,  mobile  phone  waves  not  only  in  regular  power 
density  but  also  in  power  density  less  than  limited  allowed  (1  mW/cm2),  can  produce  headaches,  warmth  on  ear, 
memory  loss  and  fatigue. 

These  reports  suggest  that  there  is  a  significant  association  between  calling  time/number  of  calls  per  day  and 
prevalence  of  these  signs  [10,  11,  12,  25,  29].  Although  these  results  are  important  but  in  most  of  these  studies 
the  mobile  phone  handset  frequency  has  been  used  and  the  effects  of  base  station  antenna  waves  have  been  less 
noticeable. 

The  GSM  mobile  phone  system  that  is  used  in  most  of  the  countries  has  a  frequency  of  either  900  or  1800 
MHz  (pulsed  at  217  Hz,  Band  width  of  200  KHz).  The  spectrum  of  900  MHz  has  two  band  areas:  890-915  MHz 
that  is  specific  for  handset  and  935-960  MHz  that  is  specific  for  base  station  antenna. 

To  date,  a  few  studies  have  evaluated  the  effects  of  EMF  on  memory  functions  in  rodents.  Studies  performed 
by  Wang  and  Fai  [32]  and  Fai  and  Carino  [18]  reported  deficits  in  two  spatial  learning  tasks  (Morris  water  maze 
and  radial  maze)  after  45-min  exposure  to  2450  MHz  EMF.  On  the  other  hand,  studies  reported  by  Cassel  and 
colleagues  failed  to  show  any  impairment  of  memory  performance  of  rats  in  a  radial  maze  after  45  min  of  whole- 
body  exposure  to  a  2450-  MHz  EMF  [2].  Findings  of  the  last  study  were  confirmed  by  recent  studies  showing  no 
effect  in  spatial  memory  after  daily  45  min  of  900-MHz  GSM  exposure  [6,  7].  The  above  findings  indicate  that 
the  effects  of  GSM  exposure  on  memory  functions  are  still  controversial.  Moreover,  to  this  date,  we  know  no 
reports  regarding  the  effects  of  exposure  to  950  MHz  waves,  as  a  frequency  in  middle  of  base  station  band  (935- 
960  MHz)  on  the  memory  function.  There  fore,  the  aim  of  this  study  was  to  examine  the  effects  of  exposure  to 
950  MHz  waves,  emitted  by  base  station  antenna,  on  acquisition  phase  of  spatial  memory  in  a  Morris  water 
maze. 

Materials  and  methods 

Subjects 

35  naive  male  Wista  rats  (3  month  old,  225  *25  g)  were  divided  randomly  in  to  three  groups:  control  (n=12), 
sham-exposed  (n=ll)  and  EMF  exposed  (n=12).  Rats  were  maintained  on  a  12-h  light-dark  cycle  and  with  an 
ambient  temperature  of  21°C.They  were  housed  in  a  maximum  of  six  rats  per  breeding  cage  and  allowed  access 
to  food  and  water  ad  libitum.  All  experiments  were  performed  between  9:00  a.m  and  13:00  p.m  during  the  light 
cycle. 
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Morris  Water  Maze  training 

The  behavioral  training  and  testing  was  conducted  in  a  water  maze.  The  water  maze  was  a  blue  circular  pool 
(140  cm  in  diameter  and  50  cm  high)  filled  to  a  25  cm  depth  with  22+2  °C  water  [27].  A  circular  glass  platform 
(diameter:  11cm)  was  placed  at  the  center  of  one  quadrant  (North-East  quadrant)  of  the  maze  and  submerged  3 
cm  below  the  surface  of  the  water.  The  maze  was  located  in  a  room  containing  several  visual  extra-maze  cues. 

Each  animal  was  released  into  the  water  from  the  wall  of  the  maze  at  arbitrarily  defined  east,  south,  west,  and 
north  points.  The  sequence  of  points  of  release  into  the  water  followed  a  random  order.  The  animal  was  allowed 
to  find  the  platform  and  land  on  it.  If  it  could  not  find  the  platform  within  1  minute,  it  was  guided  manually  to 
the  platform. 

After  finding  the  platform,  it  was  allowed  to  stay  there  for  45  second  before  another  trial.  Performance  in  the 
maze  was  carried  out  and  saved  in  a  computer  by  an  infrared  receiver  mounted  on  the  roof. 

The  Morris  water  maze  training  program  was  planned  for  3  days  at  2  blocks,  with  3  hours  interval  between 
blocks  and  5  trials  in  each  block.  Performance  of  each  rat  was  tested  24  hours  after  the  final  training  day  in  a 
probe  trial  (60s)  during  which  the  platform  was  removed.  Evaluation  indexes  were  time  spent  in  target  quadrant, 
swim  speed  and  total  swim  length  during  the  probe  test. 

Electromagnetic  field  exposure 

For  whole  body  exposure  to  EMF,  a  950  MHz  GSM  simulator  (pulsed  at  217  Hz  and  band  width  of  200  KHz, 
made  by  Khaje-Nasir  Toosi  University,  Tehran,  Iran)  was  used.  It  was  connected  to  a  15  cm  rod  antenna  fixed  at 
the  center  of  a  circular  plastic  chamber  (diameter  =  30  cm).  The  animal  could  freely  move  inside  the  chamber. 
To  prevent  unknown  exposure  to  reactive  area  of  EMF,  some  of  the  near  field  restricted  by  a  plastic  mesh  (radius 
=  5  cm).  The  power  density  inside  the  chamber  was  measured  with  RF  meter  (Narda  8716,  USA)  in  different 
distances  with  5  cm  height  from  the  base  of  antenna.  With  these  records,  the  average  value  for  power  density 
was  0.835  mW/cm2.  The  exposure  program  was  consisted  of  ten  45  minute  irradiation  (as  Lai  et  ah,  1994).  One 
day  before  running  maze  training,  each  animal  exposed  or  sham-exposed  to  4  sessions  of  45  minute  EMF  with 
intervals  of  1  hour.  Subsequently,  in  3  days,  prior  to  each  training  session,  animals  were  exposed  to  EMF  or 
sham-exposed  for  45  minute.  The  exposure  room  was  adjacent  to  the  experimental  room. 

Statistical  analysis 

The  training  data  was  analyzed  with  a  one  way  analysis  of  variance  (ANOVA)  with  trials  as  a  repeated 
measure.  Probe  trial  retention  measures  were  analyzed  with  a  two-way  ANOVA.  Tukey's  posthoc  test  was 
performed  to  determine  the  source  of  detected  significances.  Values  of  P<0.05  were  considered  as  significant 

Results 

All  rats  learned  to  locate  the  platform  during  training  as  indicated  by  decreasing  escape  latencies  as  training 
progressed  (Fig.l).  A  two  way  ANOVA  (group  x  block)  with  block  as  repeated  measures  showed  significant 
effects  of  block  (P<0.001),  and  no  significant  effects  of  groups  [F  (3,  33)  =1.596,  p=0.217]. 

Fig. 2,  illustrates  the  retention  performance  as  assessed  by  time  spent  in  the  four  quadrants.  A  two  way 
ANOVA  (group  x  quadrant)  showed  significant  effects  of  quadrants  (P<0.001),  and  no  significant  effects  of 
groups  [F  (3,  33)  =1.02,  p=0.368]. 

Fig. 3,  illustrates  the  swim  path  data  during  the  probe  test.  One-  way  ANOVA  indicated  no  significant 
differences  among  the  groups  [F  (2,  31)  =2.334,  p=0.114]. 

Fig.  4  illustrates  mean  swim  speed  of  rats  during  probe  test.  A  one  way  ANOVA  showed  no  significant 
differences  between  groups  (p>0.05). 
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Fig.  1:  Average  escape  time  (Mean  +  SEM);  time  to  reach  the  platform  after  release  into  the  water,  during  the 

trials. 
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Fig  2:  Average  time  spent  (Mean  +  SEM)  in  three  groups  for  target  and  opposite  areas  during  probe  trials. 
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Fig.  3:  Average  swim  path  (Mean  +  SEM)  in  four  groups  during  probe  trials  of  acquisition  phase. 
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Fig.  4:  Average  swim  speed  (Mean  +  SEM)  of  the  rats  during  probe  trials  in  acquisition  phase. 


Discussion 

The  RF  radiations  engage  the  spectrum  of  electromagnetic  waves  between  3  KHz  -  300  GHz.  This  field  can 
induce  thermal  or  non-thermal  effects  on  biological  medium.  Stimulation  of  excitable  tissues  will  occur  readily 
below  1  MHz,  while  thermal  effects  occur  at  higher  frequencies  [5].  The  mobile  phones  and  their  base  station 
electromagnetic  fields  have  low  specific  absorption  rate  that  induce  very  low  rise  in  brain  temperature.  Thus,  the 
possible  biological  effects  of  mobile  phone  systems  on  brain  would  be  expected  to  be  the  non-thermal  effects 
[13].  Thus,  the  aim  of  this  study  was  to  examine  the  effect  of  exposure  to  950  MHz  waves,  emitted  by  base 
station  antenna,  on  spatial  memory. 

The  findings  of  the  present  experiments  indicate  that  acute  whole  body  exposure  to  950  MHz  waves  of  GSM 
mobile  phone  system  (pulsed  at  217  Hz)  dose  not  affect  acquisition  of  spatial  navigation  in  rat. 
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Our  finding  is  in  agreement  with  recent  studies  showing  no  effects  of  electromagnetic  field  on  performance  of 
rat  or  mice  in  an  8-arm  radial-maze  task  [2,  17,  31].  Moreover,  studies  of  Dubreuil  et  al.,  [6,  7]  showed  that  head 
only  exposure  to  GSM  900-MHz  electromagnetic  fields,  did  not  alter  rat's  memory  in  spatial  (radial  maze)  and 
non-spatial  tasks.  On  the  other  hand  the  results  of  studies  performed  by  Wang  and  Lai  [32]  and  Lai  and  his 
colleagues  [19]  indicated  that  45  min  exposure  to  a  2450-MHZ  electromagnetic  fields  induced  deficits  in  spatial 
memory  functions  in  Morris  water  maze  and  radial  maze  tasks. 

Lai  et  al.,  [18]  have  shown  that  low  level  microwave  irradiation  could  alter  the  cholinergic  transmission  in  the 
hippocampus  and  cortex.  Since  cholinergic  system  plays  an  important  role  in  memory  processing,  Lai  et  al., 
claimed  that  exposure  to  2450-MHZ  electromagnetic  fields  alter  activity  of  this  system  in  a  way  that  produces 
impairment  in  spatial  memory  functions  [17,  19]. 

The  results  of  the  present  study  are  in  contrast  with  the  study  of  Wang  and  Lai  indicting  an  impairment  of 
spatial  memory  in  a  water  maze  induced  by  an  acute  exposure  to  electromagnetic  fields.  This  discrepancy  may 
be  due  to  some  subtle  differences  in  the  training  paradigm  (two  blocks  of  five  trials  with  a  3  min  interval  versus 
two  blocks  of  6  trials  with  a  3  h  interval),  time  of  probe  test  (24  h  versus  1  h  after  the  last  training)  or  the 
characteristics  of  the  used  electromagnetic  fields  (950  MHz  pulsed  with  217  pulses/s,  average  power  density 
0.835  mW/cm2  versus  2450-MHz  pulsed  with  500  pulses/s,  average  power  density  2  mW/cm2),  and  duration  of 
exposure  (45  min  versus  1  h  immediately  before  each  training  session).  Moreover,  previous  studies  have  shown 
that  hyperthermia  can  induce  memory  impairment  [23],  thus  it  is  more  likely  that  impairment  reported  by  Wang 
and  Lai  can  be  due  to  consequences  of  a  hyperthermia  related  to  the  whole  body  exposure  [7]. 

The  epidemiological  studies  were  performed  on  human  cases  showed  different  results  like  animal  experiments. 
Hocking  et  al.,  Oftedal  et  al.  and  Sandstrom  et  al.,  suggest  that  there  is  a  direct  relationship  between  the  signs 
and  calling  time/number  of  calls  per  day  [10,  11,  12,  25,  29].  In  agreement  with  these  results,  studies  on  who 
lived  in  areas  near  the  base  station  antenna  showed  irritability,  depression,  memory  loss,  concentration 
difficulties,  vertigo,  headache,  sleep  disturbances,  feelings  of  discomfort  and  fatigue  [2,  24,  28,  30].  The 
reported  signs  depend  on  duration  of  exposure,  and  the  distance  from  antenna,  and  the  antenna  characteristics 
[2]. 

The  results  of  the  present  study  indicate  that  exposure  to  950  MHz  waves  emitted  by  base  station  antenna  had 
no  effect  on  acquisition  of  rat's  spatial  memory  in  a  water  maze.  Although  this  study  was  used  as  a  model  for 
understanding  the  effect  of  GSM  electromagnetic  field  on  acquisition  phase  of  memory,  further  studies  with  a 
variety  of  intensities  and  durations  of  GSM  electromagnetic  fields  are  needed  to  test  their  effect  on  memory 
processing. 
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Abstract 

Over  the  last  decade,  exposure  to  electromagnetic  field  due  to  base  station  antenna  has  increased.  This  in  vivo 
study  was  planned  for  evaluating  the  effects  of  whole-body  exposure  to  950  MHz  field  of  GSM  mobile  phone 
system  on  dentate  gyrus  long-term  potentiation. 

24  naive  male  Wistar  rats  (3  month  old,  225  *  25  g)  randomly  divided  in  three  groups  (sham-exposed,  GSM 
and  continuous  field  exposed). 

The  exposure  program  was  planned  for  10  sessions  at  3  days.  Animals  were  exposed  to  electromagnetic  field 
for  45-min  in  a  circular  plastic  chamber  (mean  power  density  =  0.835  mW/cm2).  Immediately  after  end 
exposure,  anesthesia  was  induced  for  LTP  induction.  Field  potentials  were  recorded  and  analyzed  using  the 
population  spike  amplitude  and  EPSP  slope  for  60-min. 

There  were  no  significant  differences  in  population  spike  amplitude,  EPSP  slope  and  EPSP  slope  maintenance 
among  the  three  groups. 

This  experiment  provides  no  evidence  indicating  that  long-term  potentiation  can  be  affected  by  the  whole- 
body  exposure  to  low-power  density  of  950  MHz  field  of  GSM  mobile  phone  system. 

Keywords:  Electromagnetic  field.  Base  station.  Long-term  Potentiation 


Introduction 

Nowadays,  with  increase  in  mobile  communications,  exposure  to  EMF  due  to  mobile  handset  and  base  station 
antenna  has  increased.  The  GSM  mobile  phone  system  that  is  used  in  most  of  the  countries  has  a  frequency  of 
either  900  or  1800  MHz  (pulsed  at  217  Hz,  Band  width  of  200  KHz).  The  spectrum  of  900  MHz  has  two  band 
areas:  890-915  MHz  that  is  specific  for  handset  and  935-960  MHz  that  is  specific  for  base  station  antenna. 

In  the  last  decade,  many  researches  studied  the  effects  of  exposure  to  mobile  phone  electromagnetic  fields 
(EMF)  on  different  nervous  system  functions  such  as  memory  in  human  and  animals.  Some  of  these  studies  have 
revealed  deficits  on  memory  due  to  EMF  exposure  [5,  8-20,  23,  28],  whereas  other  studies  did  not  [3,  4,  6,  7, 

31]. 

A  number  of  studies  have  suggested  that  low  frequency  EMF  may  interact  with  learning  and  memory 
processes  [18,  24].  Nevertheless,  other  studies  have  suggested  that  much  higher  frequency  fields  may  also  affect 
spatial  memory  [16,  18,  33].  Wang  and  Lai  [18,  33]  reported  deficits  in  two  spatial  learning  tasks  (Morris  water 
maze  and  radial  maze)  after  45-min  exposure  to  continuous  or  pulsed,  2450  MHz  EMF. 

Since  the  spatial  memory  was  accepted  to  have  a  substantial  hippocampal  involvement,  these  studies  suggest 
that  EMF  may  affect  hippocampal  function.  This  is  supported  by  a  report  that  exposure  to  700  MHz  continuous 
field  can  change  electrical  activity  in  the  hippocampus  of  rat  [32]. 

Long-term  potentiation  (LTP)  is  a  long-lasting  increase  in  synaptic  efficacy  resulting  from  the  high-frequency 
stimulation  of  afferent  fibers  [1],  LTP  in  the  hippocampus  is  thought  to  be  a  typical  model  of  synaptic  plasticity 
related  to  learning  and  memory  [21]. 

To  get  insights  into  the  cellular  effects  that  950  MHz  exposure  (as  a  frequency  in  middle  of  base  station  band) 
could  induce  on  hippocampus,  we  decided  to  conduct  a  general  study  and  investigated  the  consequences  of 
exposure  to  continuous  and  pulsed  (GSM)  waves  of  950  MHz  EMF.  Thus,  the  aim  of  this  study  was  to  examine 
the  effects  of  exposure  to  950  MHz  fields  on  dentate  gyrus  (DG)  long-term  potentiation. 

Materials  and  methods 

Electromagnetic  field  exposure 

For  whole  body  exposure  to  EMF,  a  950  MHz  GSM  simulator  (made  by  Khaje-Nasir  Toosi  University, 
Tehran,  Iran)  was  used  to  produce  950  MHz  fields,  in  continuous  (without  any  modulation)  or  GSM  (217  Hz 
modulated  and  band  width  of  200  KHz)  waveform.  It  was  connected  to  a  15  cm  rod  antenna  fixed  at  the  center 
of  a  circular  plastic  chamber  (diameter  =  30  cm).  The  animal  could  freely  move  inside  the  chamber.  To  prevent 
unknown  exposure  to  reactive  area  of  EMF,  some  of  the  near  field  restricted  by  a  plastic  mesh  (radius  =  5  cm). 
The  power  density  inside  the  chamber  was  measured  with  RF  meter  (Narda  8716,  USA)  in  different  distances 
with  5  cm  height  from  the  base  of  antenna.  With  these  records,  the  average  value  for  power  density  was  0.835 
mW/cm2.  The  exposure  room  was  adjacent  to  the  experimental  room. 

The  exposure  program  was  consisted  of  ten  x  45-min  irradiation,  delivered  at  3  days.  In  the  first  and  second 
days,  each  animal's  exposed  or  sham-exposed  to  4  sessions  of  45-min  irradiation,  with  1  hour  interval. 
Subsequently,  in  the  third  day,  animals  had  two  irradiation  sessions.  Immediately  after  the  end  exposure, 
anesthesia  was  delivered  for  LTP  induction. 

Animals 
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24  naive  male  Wistar  rats  (3  month  old,  225  1  25  g)  randomly  divided  in  three  groups:  sham-exposed  (n=8), 
GSM  (n=8)  and  continuous  field  exposed  (n=8).  Rats  were  maintained  on  a  12-h  light-dark  cycle  and  with  an 
ambient  temperature  of  21°C.  They  were  housed  in  a  maximum  of  8  rats  per  breeding  cage  and  allowed  access  to 
food  and  water  ad  libitum.  All  experiments  were  performed  between  9:00  a.m  and  13:00  p.m  during  the  light 
cycle. 

Surgical  method 

Animals  were  food  and  water  deprived  for  1  hour  prior  to  surgery.  For  electrophysiological  recording,  the  rats 
were  anesthetized  with  Urethane  (1.5  g/Kg,  i.p.,  with  supplemental  injections  as  required)  and  stereotaxically 
implanted  with  a  bipolar  Teflon-coated  silver  electrode  (125  pm  diameter)  in  the  perforant  pathway  (coordinates: 
AP  -6.8  mm,  L  -4.1  mm,  DV  -3  mm,  from  skull  surface)  and  a  recording  electrode  (glass  micropipette,  1-  3  M£2, 
filled  with  physiological  saline)  in  the  dentate  gyrus  granule  cell  layer  (coordinates:  AP  -2.8  mm,  L  -1.8  mm, 
DV-3  mm,  from  skull  surface). 

Electrophysiological  recordings 

The  stimulating  and  recording  electrodes  were  adjusted  to  produce  maximum  field  potentials  by  applying  a 
single  pulse  stimulus  (0.1  Hz,  200ps  pulse  width)  and  recording  field  potentials  in  the  DG  granule  cell  layer. 

Test  stimulus  intensity,  sufficient  to  produce  population  spike  (PS)  with  approximately  50%  of  maximum 
amplitude,  was  selected.  After  the  15-min  base  line  recording,  for  LTP  induction,  two  high  frequency  stimulus 
(250  Hz,  Is,  30s  interval)  were  delivered  to  the  perforant  pathway  with  test  stimulus  intensity.  The  field 
potentials  were  recorded  at  10,  20,  30,  40,  50  and  60-min  after  the  tetanic  stimulations,  with  0.1  Hz  pulse 
stimulus.  The  evoked  responses  were  amplified,  filtered  (band-pass:  5  Hz  -  3  KHz),  sampled  at  a  rate  of  20  KHz 
and  stored. 

Evaluation  indexes  were  PS  amplitude,  excitatory  postsynaptic  potentiation  (EPSP)  slop  and  EPSP 
maintenance.  The  LTP  signal  parameters  were  extracted  as  shown  in  Fig.  1 .  For  EPSP  maintenance,  the  percent 
of  changes  in  each  recording  time  calculated  as:  (Last  record  value  -  first  record  value  /  first  record  value)  x  100. 
Data  were  statistically  analyzed  by  repeated  measures  of  ANOVA. 


Fig.l:  EPSP  slope  and  PS  amplitude  that  extracted  from  LTP  signal. 
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Results 

The  results  of  EPSP  slope  of  three  groups,  during  the  base  line  and  60-min  recording  are  shown  in  fig. 2.  One¬ 
way  ANOVA  showed  no  significant  differences  among  the  groups. 

Fig. 3,  illustrates  the  EPSP  slope  maintenance  during  the  recording  time.  One-way  ANOVA  indicated  no 
significant  differences  among  the  groups. 

Results  of  the  population  spike  amplitude  are  presented  in  fig.4.  There  were  no  significant  differences  between 
amplitudes  of  three  groups  during  the  base  line  recording  and  after  LTP  induction. 
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Fig. 2:  EPSP  slope  of  three  experimental  groups  (Mean  +  SEM).  Analysis  of  the  data  showed  no  significant 
differences  between  sham,  continuous  and  GSM  exposed  groups. 
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Fig. 3:  EPSP  slope  maintenance  among  the  groups  (Mean  +  SEM).  There  was  no  significant  difference 
between  maintenance  phase  of  the  stimulated  and  sham  exposed  groups. 
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Fig. 4:  Population  spike  amplitude  (Mean  +  SEM).  There  were  no  significant  differences  between  LTP 
induction  and  PS  amplitude  in  the  sham,  continuous  and  GSM  exposed  groups. 


Discussion 

The  mobile  phones  and  their  base  station  electromagnetic  fields  have  low  specific  absorption  rate  that  induce 
very  low  rise  in  brain  temperature.  Thus,  the  possible  biological  effects  of  mobile  phone  systems  on  brain  would 
be  expected  to  be  the  non-thermal  effects  [13].  This  experiment  results  showed  that  exposure  to  continuous  or 
GSM  waves  of  950  MHz  EMF  did  not  affect  the  LTP  parameters.  This  is  in  agreement  with  recent  studies 
showing  that  900MHz  EMF,  in  head-only  exposure  conditions,  can  not  alter  performances  of  rats  in  spatial 
memory  and  non-spatial  memory  tasks  [7,  8].  Another  study  shows  that  900MHz  GSM  EMF,  dose  not  alter  mice 
performance  in  an  8-arm  radial-maze  experiment  [31]. 

On  the  other  hand,  Tattersall  [32]  indicated  that  exposure  to  700  MHz  continuous  EMF  for  5-15  minute 
reduced  spontaneous  epileptiform  activity  of  rat  hippocampus.  Moreover,  the  results  of  Ogiue-Ikeda  [26,  27] 
experiments  signified  the  effect  of  low  frequency  magnetic  field  on  EPSP  slope  of  LTP. 

Lai  and  Carino  [18]  found  that  low  level  microwave  irradiations  can  alter  the  cholinergic  functions  in  the  rat 
hippocampus  and  cortex  .This  decrease  in  cholinergic  activity  in  the  brain  can  impair  rat  spatial  memory  [18]. 

Wang  et  al.  and  Lai  [18,  33]  showed  that  45-min  exposure  to  2.45  GHz  microwaves  can  alter  spatial  memory. 
But,  Cassel  et  al.  [3]  could  not  access  the  same  results,  although  their  testing  protocol  was  as  similar  as  possible 
to  that  of  the  Lai  et  al.  study. 

The  memory  impairment  reported  by  Lai  et  al  and  Wang  and  Lai  [18,  33]  can  be  related  to  a  hyperthermia, 
because  hyperthermia  can  produce  amnesic  effects  [8]. 

Results  of  epidemiologic  studies  that  performed  on  the  effects  of  EMF,  on  who  lived  in  areas  near  the  base 
station  antennas,  showed  that  people's  complaints  (sleep  disorders,  headaches,  concentration  difficulties  and 
fatigue)  are  due  to  EMF  [25,  29]  .  These  signs  appeared  after  exposure  and  decreased  slowly.  Santini  et  al  [30] 
suggest  that  the  signs  differ  with  increase  of  distance  from  antenna.  In  addition  to  distance,  it  seems  that  the 
antenna  characteristics  are  important  factors. 

Bornkessel  and  Stocker-Meier  [2]  studies  on  24  antennas  showed  that  although  electrical  fields’  intensities  of 
these  antennas  are  in  standard  limit,  these  results  are  time  dependent  and  can  differ  with  different  antenna  traffic 
along  day.  Although  some  of  these  studies  suggest  that  exposure  level  is  less  than  allowed  level  by  ICNIRP  in 
areas  near  the  base  station  antenna,  but  the  probability  of  long  term  exposure  dangers  of  these  waves  for  whom 
live  in  these  areas  are  not  rejected.  In  agreement  with  this  point,  Lai  et  al  [17]  showed,  intensity  and  duration  of 
exposure  have  interactions  in  effectiveness  of  the  field  on  memory  so  that  high-intensity/short-duration  exposure 
and  lower-intensity/longer-duration  exposure  have  similar  effects  on  frontal  cortex  and  hippocampus  cholinergic 
activity  and  memory.  In  addition,  it  is  showed  that  chronic  exposure  to  EMF  can  increase  plasma  corticosterone 
level  [23].  This  elevated  level  of  corticosterone  can  induce  time-dependent  neuronal  damage  in  hippocampus 
and  impair  cognitive  function  [22]. 

In  the  present  research,  the  effect  of  exposure  to  950  MHz  waves  emitted  by  base  station  antenna  on  electrical 
activity  of  hippocampus  was  investigated  via  the  long-term  potentiation.  Although,  this  set  of  experiment 
provides  no  evidence  indicating  that  LTP  signal  can  be  affected  by  the  continuous  or  GSM  waveform  of  950 
MHz  EMF,  further  studies  are  needed  to  test  other  durations  and  intensities  on  brain  activity.  In  addition,  with 
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rapid  increase  of  number  of  mobile  phone  users  in  the  world  and  base  station  antenna  in  urban  area,  it  seems  that 
the  knowledge  about  the  effects  of  EMF  on  human  body  especially  human  brain  is  a  necessity. 
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Abstract 

Treatment  of  Red  cabbage  ( Brassica  oleracea  L.  CV.  Saccata)  in  vegetative  growth  phase  with  a  30  mT  static 
magnetic  field  (SMF)  resulted  in  altered  content  of  lignin,  anthocyanin  and  wall-bound  phenolic  compounds, 
compared  with  those  of  non-treated  plants. 

Exposure  of  red  cabbage  to  the  aforesaid  static  magnetic  field  during  vegetative  phase  also  induced  the  growth 
of  the  plants.  The  growth  was  accompanied  by  a  delayed  maturation  and  a  lowered  content  of  lignin  in  shoot 
and  root  system. 

Introduction 

During  the  past  decade  considerable  evidence  has  been  accumulated  with  regard  to  the  biological  effects  of 
magnetic  fields.  Although  several  studies  on  bacterial  and  animal  cells  have  shown  that  the  magnetic  fields 
influence  a  large  variety  of  cellular  functions,  the  mechanisms  of  its  interaction  with  the  living  cells  are  still 
unclear  and  less  studies  have  been  conducted  on  plant  cells.  So  far,  many  temporal  and  spatial  electric 
phenomena  occur  during  plant  development  (Moon  1999).  Nevertheless,  the  magnetic  field  effects  on  the 
appearing  of  some  cancers  in  human,  embryogenesis  in  animals  have  been  studied,  seed  germination  and  ion 
current  and  pollen-tube  emergence  in  plants  under  MF  also  have  been  studied.  The  MF-induced  inhibitory  or 
stimulatory  effects  on  the  growth  of  plant  tissues  have  seen  to  be  species-  specific,  dependent  on  seasonal 
biological  rhythms,  field  frequency  and  daily  period  of  exposure  (Moon  1999  ).  In  the  present  investigation  the 
effect  of  static  magnetic  field  on  the  growth  and  the  metabolism  of  certain  phenolic  compounds  of  Brassica 
oleracea  L.  CV.  saccata  was  subjected  to  study.  It  is  well-known  that  phenolic  compounds  have  various 
ecological  and  physiological  roles  and  their  contribution  to  defense  system  and  UV  protection  have  been 
studied.  Phenolic  compounds  also  inducible  by  different  environmental  stress  and  chemical  stimuli  (  otto  et  al. 
1999). 

Brassica  oleracea  L.  CV.  saccata  seeds  were  sterilized  superficially  with  NaOCl  and  soaked  in  sterile  Petri 
dishes  on  filter  paper  moisturized  in  distilled  water.  Seedlings  were  germinated  and  grown  for  5  days  at  a 
constant  temperature(25+  2°C)  in  a  dark,  after  germination,  the  similar  and  entire  seedlings  were  transferred  to 
flower-  pots  and  kept  with  a  controlled  condition  at  a  constant  temperature  and  light  (25+  2°C  and  6800  Luxe). 
The  plants  were  watered  every  day  with  ordinary  water  and  every  15  days  they  were  watered  with  Hoagland  . 
after  one  month  in  the  vegetative  phase,  the  intact  plants  were  selected  and  divided  to  treated  and  controlled 
groups.  The  treated  groups  were  exposed  to  a  30  mT  static  magnetic  field  during  5  days  and  5  hours  in  every 
day.  The  control  group  were  maintained  under  a  same  environmental  conditions  as  unexposed  control,  the 
samples  were  harvested  in  the  end  of  treatment  term. 

Exposure  to  MF  was  performed  by  a  locally  designed  MF  generator.  The  electrical  power  was  provided  using  a 
220  V  AC  power  supply  equipped  with  variable  transformer  as  well  as  a  single-phase  full  wave  rectifier.  The 
maximum  power  and  passing  current  were  1  KW  and  50  A  DC,  respectively. 

This  system  was  designed  to  generate  MF  in  range  of  0.5  |iT-30  mT.  it  consisted  of  two  coils  (each  with  3000 
turns  of  mm  copper  wire)  on  a  U-shaped  laminated  iron  core  (to  prevent  eddy  current  losses).  Using  two  vertical 
connectors,  the  arms  of  the  U-shaped  iron  core  were  terminated  in  four  circular  iron  plates  covered  with  thin 
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layer  of  nickel  (each  23  mm  thickness,  260  cm  in  diameter).  A  water  circulation  system  around  the  coils  was 
employed  to  avoid  the  increase  of  the  temperature.  Without  this  system,  the  temperature  of  the  coils  increased, 
after  the  apparatus  was  working  for  10  min,  from  25  to  40  °C.  Applying  the  water  circulation  system  helped  us 
to  use  apparatus  for  long  exposures  (5  h)  as  well  as  to  keep  the  maintenance  of  the  apparatus.  The  control  cells 
were  kept  far  enough  from  the  MF  producing  apparatus,  to  avoid  any  potential  exposure  to  the  MF.  Moreover, 
other  electric  appliances  and  laboratory  facilities  were  not  working;  the  control  samples  were  therefore  exposed 
only  to  the  extremely  low  MF  of  the  earth  (60+  5  pT),  as  the  treatment  groups  were  too. 

PPO  was  extracted  from  shoot  and  root  systems,  separately,  in  freshly  prepared  200mM  k-phosphate  buffer  (PH 
6.8)  followed  by  centrifugation  at  12000x  g  .  all  these  procedures  were  carried  out  at  2-4°C.  Aliquots  of 
supernatant  were  added  to  200  mM  k-phosphate  buffer  (PH  6.8)  and  freshly  prepared  4-methylcatechol  at  a  final 
concentration  of  0.02  M.  Enzyme  activity  was  expressed  as  a  change  in  absorbance  at  410  nm  per  min  per  mg 
protein  content  of  the  homogenate.  Protein  concentration  was  determined  by  the  method  of  Bradford  (1976), 
using  BSA  as  standard  (Ghanati  et  al.  2002). 

PO  was  extracted  and  the  activity  was  determined  in  two  fractions:  the  soluble  PO  fraction  which  is  involved  in 
the  stress  response(Pondolfini  et  al  1992)  and  the  wall-  bound  PO  fraction  which  is  related  to  the  lignification 
and  suberization  of  cells(Fukuda  and  Komamine  1982  and  Pando;fini  et  al  1992).  The  shoot  and  root  systems  , 
separately,  were  homogenized  in  200  mM  k-phosphate  buffer  (PH6.8)  and  centrifuged  at  12000x  g  for  15  min  at 
2°C.  the  supernatant  was  used  to  assay  soluble  Po.  The  activity  of  wall-  bound  PO  was  determined  in  the 
ionically  and  covalently  bound  fractions,  in  turn.  Pellets  of  the  centrifugation  were  pooled,  incubated  with  0.2  M 
CaC12  for  2h  at  room  temperature,  and  centrifuged  at  was  used  to  measure  the  activity  of  ionically  wall-  bound 
Po.  The  pellet  was  used  directly  for  the  assay  of  the  covalently  bound  enzyme  (Fukuda  and  Komamine  1982). 
The  final  reaction  mixture  (3  ml)  was  contained  200  mM  k-  phosphate  buffer  (PH  6.8) ,  28  mM  guaiacol  and  5 
mM  H202.  the  enzyme  activity  of  soluble  and  ionically  fractions  were  expressed  as  the  change  in  absorbance  at 
470  nm  per  min  per  mg  protein  content.  The  covalently  enzyme  activity  was  determined  as  the  change  in 
absorbance  at  470  nm  per  min  per  cell  wall  dry  weight  (Ghanati  et  al.  2002). 

The  shoot  and  root  systems,  separately,  were  homogenized  in  ice-  cold  k-borate  buffer  (0.01  M,  PH  8.8  ) 
containing  2  mM  2-mercaptoethanol  and  centrifuged  at  16000x  g  for  10  min  at  2°C.  The  supernatant  was  used 
as  a  crude  enzyme  solution.  The  reaction  mixture  (total  2ml)  was  composed  of  0.5  ml  of  crude  enzyme  and  1  ml 
of  extraction  buffer  (without  2-mercaptoethanol  ).  The  reaction  started  with  addition  of  0.5ml  of  4mM 
phenylalanine  and  after  1  h  incubation  at  37°C,  was  stopped  with  100  pi  of  0.5  M  HC1.  The  mixture  was 
extracted  three  times  with  EtOAc.  The  EtOAc  extract  was  air-  dried,  re-  dissolved  in  50%  MeOH  and  analyzed 
by  HPLC  on  an  ODS-18  Ts  column  (15  cm  x  6.0)  at  a  flow  rate  of  0.5  ml  min  1  with  a  linear  gradient  of  40- 
80%  MeOH  containing  0.1%  HoAC  and  detected  at  273  nm.  The  enzyme  activity  was  expressed  as  the 
amounts  of  CA  for  lh  per  mg  of  protein  in  the  reaction  mixture  (Ghanati  et  al.  2002). 

The  shoot  and  root  systems,  separately,  were  homogenized  in  water  after  centrifugation  at  lOOOx  g,  the  pellet 
was  sequentially  washed  with  10  volumes  (v/w)  of  0.5  mM  CaC12,  EtOH,  CHC13-  MeOH  (2:1  v/v  )  and  acetone 
followed  by  air-  drying.  Air-dried  materials  were  desired  as  wall  preparation.  Phenolics  were  liberated  from  the 
wall  preparations  of  samples  with  ammonium  oxalate  (20  mM,  70°C)  and  then  with  0.1  M  NaOH,  under  N2  for 
24h.  After  acidification  of  both  fractions  to  approximately  PH  3.0  with  HC1,  phenolics  were  extracted  three 
times  with  EtOAC,  air-  dried  and  re-  dissolved  in  50%  MeOH  before  determination  by  HPLC  as  described  for 
the  determination  of  the  PAL  activity.  Phenolics  was  detected  at  280  nm  (Ghanati  et  al.  2002;  Liyama  and 
Wallis  1990). 

Isolation  of  cell  walls  was  carried  out  as  described  for  the  determination  of  wall-  bound  phenolics.  Lignin 
content  was  measured  via  a  modified  acetyl  bromide  procedure  (liyama  and  Wallis  1990).  In  brief,  6  mg  of  fine- 
powdered  wall  preparation  was  treated  with  a  mixture  (total  2.5  ml)  of  25%  (w/w)  AcBr  in  HOAC  and  0.1  ml  of 
70%  HC104  at  70°C  for  30  min  with  shaking  at  10  min  intervals.  After  cooling  with  ice,  the  digestion  mixture 
was  transferred  to  a  25  ml  volumetric  flask  containing  5  ml  of  2  M  NaOH  and  6  ml  HOAC  and  made  up  to  25 
ml.  The  lignin  content  was  determined  by  measuring  the  absorbance  at  273  nm  using  a  specific  absorption 
coefficient  of  20. Og  '*  L  cm"1  (Ghanati  et  al.  2002;  Liyama  and  Wallis  1990). 

The  anthocyanin  of  the  shoot  system  tissues  were  extracted  with  cold  methanol:  water:  acetic  acid  (11:  5:  1  ). 
The  extraction  was  spun  at  12000x  g  for  10  min.  Anthocyanin  concentration  was  determined  by  measuring 
optical  absorption  at  530  nm  (Masakazu  et  al.  2003). 

measurement  of  total  sugar  content  in  shoots  and  roots  was  based  on  phenol-  sulfuric  method,  using  glucose  as 
standard  (Duboise  et  al.  1956). 

All  experiments  were  repeated  at  least  three  times  in  triplicate.  The  data  shown  in  the  tables  and  figures  are 
means  +  SD.  The  significance  of  differences  between  treatments  was  evaluated  by  student's  T-  test. 

PPO  activity  in  shoot  and  root  system  were  determined  in  both  control  and  treatment  groups.  The  activity  PPO 
of  root  system  of  treated  plants  was  higher  than  those  of  the  control  groups.  The  activity  of  PPO  of  shoot  system 
of  the  treated  plants  was  lower  than  that  the  control  ones  (Fig.  l).The  activity  of  Po  was  measured  in  three 
fractions  including  soluble,  ionically-  and  covalently-bound  fractions  (Table  1).  The  activity  of  three  fractions 
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of  PO  increased  in  shoot  system  of  treated  plants  under  static  magnetic  field  compared  with  those  of  the  control 
groups.  The  results  from  measurement  of  PO  activity  in  root  system  showed  declining  in  treated  plants  in  the 
three  fractions  relation  to  control  ones.  PAL  enzyme  was  extracted  from  root  and  shoot  system  of  red  cabbage. 
PAL  activity  in  the  shoot  and  root  system  of  treated  plants  was  lower  than  those  of  the  control  ones  (Fig.  2).  The 
content  of  the  phenols  esterified  to  the  wall  polysaccharides  of  the  shoot  and  root  system  under  the  control 
conditions  and  treatment  with  magnetic  field,  is  shown  in  table  2. The  content  of  these  phenolics  of  root  and 
shoot  system  under  MF  was  significantly  higher  than  those  of  the  control  ones.  The  lignin  content  of  MF- 
treated  shoot  and  root  system  decreased  compared  to  control  ones  (Table  2). The  results  shown  that  the 
anthocyanin  in  shoot  system  has  been  increased  in  treated  plants  with  30  mT  static  magnetic  field  in  comparison 
to  the  control  groups  (Fig.  3). 

The  total  sugar  were  measured  based  on  glucose  standard  curve  in  shoot  and  root  system  of  samples.  Compared 
to  the  samples  under  the  control  conditions,  treatment  samples  significantly  decreased  total  sugar  (Fig.  4). 


PPO  activity  in  Root  system  B  PPO  Activity  in  Shoot  system 


Fig.  1.  Effect  of  Mf  on  the  activity  of  PPO  in  root  (A)  and  shoot  (B)  system  of  red  cabbage.  Data  are  means  + 
SD,  n  =  3.  different  characters  refer  to  significant  differences  at  P<  0.05  according  to  student' s  T-test. 


PAL  Activity  in  Root 


PAL  Activity  in  Shoot 


Fig.  2.  Effect  of  MF  on  the  activity  of  PAL  in  root  (A)  and  shoot  (B)  system  of  red  cabbage.  Data  are  means  + 
SD,  n  =  3.  different  characters  refer  to  significant  differences  at  P<  0.05  according  to  student' s  T-test. (  CA: 
Cinnamic  Acid) 
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Total  anthocyanin 


Fig.  3.  Effect  of  Mf  on  total  anthocyanin  in  aerial  part  of  red  cabbage.  .  Data  are  means  +  SD,  n  =  3.  different 
characters  refer  to  significant  differences  at  P<  0.05  according  to  student' s  T-test. 


Total  sugar  in  Root  B  Total  Sugar  in  Shoot 


Fig.  4.  Effect  of  MF  on  the  lignin  content  of  root  (A)  and  shoot  (B)  system  of  red  cabbage.  Data  are  means  + 
SD,  n  =  3.  different  characters  refer  to  significant  differences  at  P<  0.05  according  to  student' s  T-test. 


Table.  1.  Effect  of  MF  on  the  activities  of  soluble,  ionically  and  covalently  bound  cell  fractions  PO  of  root  and 


shoot  system  of  red  cabbage 

Peroxidase  enzyme 

Root 

Shoot 

Control 

Treatment 

Control 

Treatment 

Soluble  PO 

A  Abs  470  /  mg 
protein,  min 

0.41+0.2 

0.4+  0.1 

0.007+  0.0007 

0.008+  0.001 

Ionically  bound 

PO 

A  Abs  470  /  mg 
protein.min 

0.47+  0.05 

0.41+0.03 

0.28+  0.03 

0.54+  0.12 

Covalently  bound 

PO 

A  Abs  470  /  Cell  Wall 
dry  Weight. min 

0.51+0.01 

0.44+  0.01 

0.29+  0.009 

0.55+  0.008 

Data  are  means  +  SD,  n  =  3. 
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Table.  2.  Effect  of  MF  on  lignin  content  and  cell  wall  phenolic  compounds  of  root  and  shoot  system  of  red 


cabbage. 

Plant  tissue 

Lignin  content 
(^Lignin/  Cell  Wall  dry  Weight) 

Cell  W all  Phenolic  Compounds 
(jag  phenol/  g  Cell  Wall  dry  Weight) 

Control 

Treat 

Control 

Treat 

Root 

4.1+ 0.5 

3.22+  0.7 

3665.5+  282.7 

7401.67+2191.54 

Shoot 

5.04+  0.9 

3.04+  0.46 

2034.4+  594.8 

4144.3+  968.43 

Data  are  means  +  SD,  n  =  3. 

Summary 

A  magnetic  field  is  an  inescapable  environmental  factor  for  plants  on  the  earth  (Negishi  et  al.  1999).  However, 
it's  impact  on  plant  growth  is  not  well  understand(Negishi  et  al.  1999). In  the  current  studies,  contradictory 
results  have  been  gained  by  scientists  (Negishi  et  al.  1999).  Static  magnetic  field,  sometimes,  has  been  received 
attention  as  a  stress  for  beings  (Aladjadjiyan  2002)  and  sometimes,  it  has  been  talked  the  co-operations  of  static 
MF  with  environmental  factors,  instance  nourishing  stresses,  water  deficit  and  heavy  metals. 

In  the  present  paper  the  effect  of  SMF  on  the  metabolism  of  certain  phenolic  compounds  was  investigated. 

PPo  is  a  bi-functional  enzyme,  that  plays  roles  at  both  oxidation  of  phenols  and  conjugation  of  phenols  to 
polyphenols.  Increase  of  PPO  activity  in  root  system  of  treated  plants  can  be  related  to  accumulation  of  phenolic 
compounds.  Also  increase  of  PPO  activity  has  been  reported  in  tobacco  cells  affected  by  some  nourishing 
stresses(  Ghanati  et  al.  2002).  Also  the  possibilities  that  the  low  PPO  activity  of  the  shoot  system  of  treated 
plants  can  be  due  to  the  presence  of  an  inhibitor,  an  in-activator  or  to  factors  degrading  the  enzyme  (Kahn 
1975). 

Increased  PO  activity  has  been  demonstrated  to  be  a  metabolic  response  under  various  stress  conditions, 
including  water  stress,  air  pollution,  and  heavy  metals  (Pandolfini  et  al.  1992).  Among  the  various  forms  of  this 
enzyme  ,  the  wall-bound  forms  appear  to  be  more  efficient  at  catalyzing  bound  formation  between  extension 
and  femloylated  polysaccharides  and  for  the  polymerization  of  phenolic  monomers  (Ghanati  et  al.  2002).  Also 
Pandolfini  (1992)  reported  the  effects  of  nickel  on  peroxidases  are  always  more  marked  in  shoot  than  roots. 
Decrease  of  PO  activity  in  the  roots  of  treatment  plants  can  be  leading  to  stretch  ability,  wall-loosing  and 
expansion  in  cell  wall.  Also,  the  percent  of  lignin  content  in  treated  roots  can  be  help  to  this  loosing.  The  lignin 
synthesis  accomplishes  from  photosynthesis  precursors  .using  of  marked  glucose  showed  relation  between 
lignin  synthesis  and  photosynthesis  (Kollattukudy  1984).  Decrease  of  lignin  synthesis  in  the  MF  exposed  plants, 
can  be  due  to  disorder  in  photosynthesis.  According  to  Kazimov  et  al  (1984)  the  magnetic  fields  results  in 
decline  in  contents  of  photosynthetic  pigments,  chlorophyll  a  and  b,  in  kidney  bean  leaves  (Kazimov  1984  ). 
Also  decrease  of  total  sugar  in  treated  plants  with  MF  can  be  confirm  this  subject,  it's  may  be  that  MF  was 
effected  on  lignin  and  sugar  content  from  a  common  course. 

PAF  is  a  one  of  the  main  enzymes  of  metabolism  of  phenolic  compounds  that  it  catalyze  changing  of 
phenylalanine  to  cinnamic  acid.  The  reaction  catalyzed  by  phenylalanine  ammonialyase.  PAF  is  commonly 
regarded  as  akey  step  in  the  biosynthesis  of  phenols,  and  is  affected  by  a  number  of  factors  (Ruiz  et  al  1998). 
This  enzyme  acts  in  the  initial  stages  of  lignin  biosynthesis,  rapid  induction  of  the  PAF  activity  (12  to  24  h)  was 
observed  during  nourish  stress  and  then  decrease  of  PAF  activity  was  reported  in  the  next  stages. (Ghanati  et  al. 
2002,2004).  In  the  present  investigation,  the  activity  of  PAF  in  treated  plants  decreased  after  10  days. 
Anthocyanins  are  another  group  of  phenolic  compounds  belong  to  the  flavonoids  group.  Anthocyanins  in 
autumn  leaves  seem  to  prevent  photo-  oxidative  irradiation. 

The  most  important  environmental  cue  in  anthocyanin  synthesis  is  light,  which  affects  signal  transduction  and 
gene  expression  involved  in  anthocyanin  biosynthesis.  Other  factors,  such  as  sugar  addition,  phosphate 
limitation,  and  cold  stress,  can  enhance  anthocyanin  accumulation  induced  by  light.  In  the  present  research 
increase  of  anthocyanin  and  wall-bound  phenlics  may  be  resulted  of  phenols  changing  to  anthocyanin  and  wall- 
bound  phenolics  and  deviation  from  the  lignin  synthesis. 
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Abstract 

With  increasing  in  mobile  communications,  exposure  to  electromagnetic  fields  due  to  base  station  antenna  has 
increased.  This  study  was  planned  for  evaluating  the  effects  of  short  whole-body  exposure  to  950  MHz  GSM 
electromagnetic  field  on  consolidation  phase  of  spatial  memory. 

33  naive  male  wistar  rats  (200  *15  g)  were  trained  (10  trials  at  2  blocks,  with  3  minutes  interval  between 
blocks  for  one  day)  to  locate  a  submerged  platform  in  a  circular  water  maze.  Immediately  after  training,  animals 
randomly  divided  into  three  groups:  control  n=  11,  sham-exposed  n=ll  and  exposed  n=ll.  The  last  group  was 
exposed  to  950  MHz  electromagnetic  waves  (mean  power  density  =  0.835  mW/cm2)  for  45  minutes  in  a  circular 
plastic  chamber.  Performances  of  animals  were  tested  48  hours  later  by  a  60  second  probe  test.  Evaluation 
indexes  were  escape  latency  at  target  and  opposite  quadrants,  swim  speed  and  length. 

Analysis  of  the  probe  data  test  indicated  that,  there  were  no  significant  difference  between  control,  sham  and 
950  MHz  exposed  groups. 

Results  of  this  study  provide  no  evidence  indicating  that  consolidation  phase  of  spatial  memory  can  be  affected 
by  the  45  min  whole-body  exposure  to  950  MHz  electromagnetic  waves. 

Keywords:  Electromagnetic  field.  Base  station.  Consolidation,  Morris  water  maze 


Introduction 

Memory  is  defined  as  the  capacity  of  brain  to  store  and  retrieve  the  information.  It  consists  of  three  phases: 
encoding  or  acquisition  phase,  consolidation  or  stabilization  phase  that  is  a  process  by  which  new  labile 
memories  convert  to  more  stable  long-term  memories,  and  retrieval  phase  in  which  memory  is  expressed. 

In  the  last  decade,  many  researches  studied  the  effects  of  exposure  to  electromagnetic  fields  (EMF)  on 
different  nervous  system  functions  such  as  memory  in  human  and  animals.  Some  of  these  studies  have  revealed 
deficits  on  memory  due  to  EMF  exposure  [4;  7-20],  whereas  other  studies  did  not  [2,  3,  5,  6,  28,  33].  Nowadays, 
with  increase  in  mobile  communications,  exposure  to  EMF  due  to  mobile  handset  and  base  station  antenna  has 
increased.  There  are  concerns  about  the  effects  of  mobile  phone  electromagnetic  waves  on  human  body 
functions.  These  concerns  emerge  from  results  of  epidemiological  studies  contributed  to  effects  of  mobile  phone 
on  human  body.  For  example  some  of  reported  data  indicated  that  mobile  phone  waves  not  only  in  regular  power 
density  but  also  in  power  density  less  than  allowed  limit  (1  mW/cm2)  can  produce  headaches,  warmth  on  ear, 
memory  loss  and  fatigue.  These  reports  suggest  that  there  is  a  significant  association  between  calling 
time/number  of  calls  per  day  and  prevalence  of  these  signs  [9,  10,  11,  27,  31].  Although  these  results  are 
important  but  in  most  of  these  studies  the  mobile  phone  handset  frequency  has  been  used  and  the  effects  of  base 
station  antenna  waves  have  been  less  noticeable. 

The  GSM  mobile  phone  system  that  is  used  in  most  of  the  countries  has  a  frequency  of  either  900  or  1800 
MHz  (pulsed  at  217  Hz,  Band  width  of  200  KHz).  The  spectrum  of  900  MHz  has  two  band  areas:  890-915  MHz 
that  is  specific  for  handset  and  935-960  MHz  that  is  specific  for  base  station  antenna. 

To  date,  we  know  no  reports  regarding  the  effects  of  acute  exposure  to  950  MHz  waves,  as  a  frequency  in 
middle  of  base  station  band  (935-960  MHz)  on  the  memory  processes.  On  the  other  hand,  most  of  the 
experiments  contribute  to  effects  of  exposure  to  mobile  phone  electromagnetic  waves  on  acquisition  phase  of 
memory  and  few  experiments  are  about  the  effects  of  these  waves  on  consolidation  phase.  Thus,  the  aim  of  this 
study  was  to  examine  the  effects  of  acute  exposure  to  950  MHz  waves,  emitted  by  base  station  antenna,  on 
consolidation  phase  of  spatial  memory  in  a  Morris  water  maze. 

Materials  and  methods 

Animals 

Thirty  three  naive  male  Wistar  rats  (3  month  old,  200  *15  g)  were  used  in  three  groups:  control  (n=l  1),  sham- 
exposed  ( n=  11)  and  EMF  exposed  (n=l  1).  Rats  were  maintained  on  a  12-h  light-dark  cycle  and  with  an  ambient 
temperature  of  21°C.They  were  housed  in  a  maximum  of  six  rats  per  breeding  cage  and  allowed  access  to  food 
and  water  ad  libitum.  All  experiments  were  performed  between  9:00  a.m  and  13:00  p.m  during  the  light  cycle. 

Morris  Water  Maze  training 

The  water  maze  was  a  blue  circular  pool  (diameter:  140  cm,  height:  50  cm)  filled  with  water  (22+  2°C)  to  a 
depth  of  25  cm  [29].  A  circular  glass  platform  (diameter:  11cm)  was  placed  at  the  center  of  one  quadrant 
(North-East  quadrant)  of  the  maze  and  submerged  3  cm  below  the  surface  of  the  water.  The  maze  was  located  in 
a  room  containing  several  visual  extra-maze  cues.  Each  animal  was  released  into  the  water  from  the  wall  of  the 
maze  at  arbitrarily  defined  east,  south,  west,  and  north  points.  The  sequence  of  points  of  release  into  the  water 
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followed  a  random  order.  The  animal  was  allowed  to  find  the  platform  and  land  on  it.  If  it  could  not  find  the 
platform  within  1  minute,  it  was  guided  manually  to  the  platform. 

After  finding  the  platform,  it  was  allowed  to  stay  there  for  45  second  before  another  trial.  Performance  in  the 
maze  was  carried  out  and  saved  in  a  computer  by  an  infrared  receiver  mounted  on  the  roof.  For  spatial  training, 
animals  were  given  10  trials  (one  training  session)  at  2  blocks,  with  3  minutes  interval  between  them  for  one  day 
in  Morris  Water  Maze.  Immediately  after  the  last  trial.  Rats  were  exposed  to  electromagnetic  waves  or  sham 
exposed  for  a  45  minute. 

Performance  of  each  rat  was  tested  48  hours  after  the  training  session  in  a  probe  trial  (60s),  during  which  the 
platform  was  removed.  Evaluation  indexes  were  time  spent  in  target  quadrant,  swim  speed  and  total  swim  length 
during  the  probe  test. 

Electromagnetic  field  exposure 

For  whole  body  exposure  to  EMF,  a  950  MHz  GSM  simulator  (pulsed  at  217  Hz  and  band  width  of  200  KHz, 
made  by  Khaje-Nasir  Toosi  University,  Tehran,  Iran)  was  used.  It  was  connected  to  a  15  cm  rod  antenna  fixed  at 
the  center  of  a  circular  plastic  chamber  (diameter  =  30  cm).  The  animal  could  freely  move  inside  the  chamber. 
To  prevent  unknown  exposure  to  reactive  area  of  EMF,  some  of  the  near  field  restricted  by  a  plastic  mesh  (radius 
=  5  cm).  The  power  density  inside  the  chamber  was  measured  with  RF  meter  (Narda  8716,  USA)  in  different 
distances  with  5  cm  height  from  the  base  of  antenna.  With  these  records,  the  average  value  for  power  density 
was  0.835  mW/cm2.  The  exposure  room  was  adjacent  to  the  experimental  room. 

Data  analysis 

The  training  data  was  analyzed  with  a  one  way  analysis  of  variance  (ANOVA)  with  trials  as  a  repeated 
measure.  Probe  trial  retention  measures  were  analyzed  with  a  two-way  ANOVA.  Tukey's  postlioc  test  was 
performed  to  determine  the  source  of  detected  significances.  Values  of  P<0.05  were  considered  as  significant 


Results 

The  results  of  escape  time  during  the  10  trials  are  shown  in  fig.  1 .  Data  analysis  showed  a  significant  trial 
effect  (i.e.,  a  significant  decrease  in  escape  time  with  training).  There  was  no  significant  difference  in  time 
during  the  training  session  trials  between  three  groups  [F  (2,  29)  =  0.358,  p=0.702]. 

Results  of  the  probe  trial  are  presented  in  fig. 2,  which  shows  the  average  time  for  the  three  groups  of  rats 
during  the  1-minute  probe  trial  period  in  the  platform  and  opposite  quadrants.  There  was  no  significant 
difference  in  time  during  the  training  session  trials  between  three  groups  [F  (2,  36)  =1.03,  p=0.364]. 

Fig. 3,  illustrates  the  swim  path  data  during  the  probe  test.  One-  way  ANOVA  indicated  no  significant 
differences  among  the  groups  [F  (2,  27)  =1.82,  p=0. 1 80] .  Fig.  4,  illustrates  mean  swim  speed  of  rats  during 
probe  test.  A  one  way  ANOVA  showed  no  significant  differences  between  groups  [F  (2,  27)  =1.72,  p=0. 198] . 


■Exposed 


Trials 


Fig.  1:  Average  escape  time  (Mean  +  SEM);  time  to  reach  the  platform  after  release  into  the  water,  during  the 

trials. 
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Fig  2:  Average  time  spent  (Mean  +  SEM)  in  three  groups  for  target  and  opposite  areas  during  probe  trials. 


Group 

Fig.  3:  Average  swim  path  (Mean  +  SEM)  in  four  groups  during  probe  trials  of  consolidation  experiment. 
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Fig.  4:  Average  swim  speed  (Mean  +  SEM)  of  the  rats  during  probe  trials  in  consolidation  experiment. 
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Discussion 

The  mobile  phones  and  their  base  station  electromagnetic  fields  have  low  specific  absorption  rate  that  induce 
very  low  rise  in  brain  temperature,  thus,  the  possible  biological  effects  of  mobile  phone  systems  on  brain  would 
be  expected  to  be  the  non-thermal  effects  [12].  Data  from  this  experiment  showed  that  acute  exposure  (45 
minute)  of  950  MHz  waves  of  GSM  mobile  phone  system  (pulsed  at  217  Hz)  does  not  affect  the  consolidation 
phase  of  rat  spatial  memory.  This  is  in  agreement  with  recent  studies  showing  electromagnetic  field  dose  not 
alter  performance  in  an  8-arm  radial-maze,  either  in  mice  [33]  or  in  rats  [16].  In  addition,  another  study  shows 
that  900MHz  GSM  electromagnetic  field,  in  head-only  exposure  conditions,  can  not  alter  performances  of  rats  in 
spatial  memory  and  non-spatial  memory  tasks  [5,  6]. 

On  the  other  hand,  Lai  and  Carino  found  that  low  level  microwave  irradiations  can  alter  the  cholinergic 
functions  in  the  rat  hippocampus  and  cortex  [17].  This  decrease  in  cholinergic  activity  in  the  brain  can  impair  rat 
spatial  memory  [18].  Cassel  et  al.  could  not  access  the  same  results  like  the  Lai  et  al  findings,  although  their 
testing  protocol  was  as  similar  as  possible  to  that  of  the  Lai  et  al.  study  [2].  Sienkiewicz  et  al.  found  similar 
results  in  radial-arm  maze  too  [33].  But  Wang  and  Lai  showed  that  45-minute  exposure  2.45  GHz  microwaves 
can  alter  spatial  memory  in  Morris  water  maze  [35].  Because  it  has  showed  that  hyperthermia  can  produce 
amnesic  effects,  the  memory  impairment  reported  by  Lai  et  al  and  Wang  and  Lai  can  be  related  to  a 
hyperthermia  due  to  the  whole-body  exposure  [6]. 

McKay  et  al  [23]  indicated  that  exposure  to  magnetic  field  can  impair  memory  consolidation  of  contextual 
conditioned  fear  rats.  Consolidation  is  defined  as  a  process  by  which  new  labile  memories  convert  to  more  stable 
long-term  memories.  It  is  showed  that  consolidation  requires  RNA  and  protein  synthesis  [22,  25].  Sienkiewics  et 
al  [34]  suggests  that  magnetic  fields  have  no  effects  on  the  well-established  long-term  memories. 

The  epidemiological  studies  were  performed  on  human  cases  showed  different  results  like  animal  experiments. 
Hocking  et  al.,  Oftedal  et  al.  and  Sandstrom  et  al.  reported  that  mobile  phone  waves  can  produce  dizziness, 
headaches,  discomfort,  warmth  on  ear,  memory  loss,  and  fatigue  not  only  in  regular  power  density  but  also  in 
power  density  less  than  allowed  limit  (1  mW/cm2).  They  suggest  that  there  is  a  direct  relationship  between  these 
signs  and  calling  time/number  of  calls  per  day  [9,  10,  11,  27,  31].  In  addition  to  studies  performed  on  effects  of 
waves  emitted  by  phone  handset,  results  of  epidemiologic  studies  were  done  by  Roosli  et  al  and  Navarro  et  al.  on 
persons  who  lived  in  areas  near  the  antenna,  showed  that  74%  of  people's  complaints  (sleep  disorders, 
headaches,  concentration  difficulties  and  fatigue)  are  due  to  antenna.  These  signs  appeared  after  exposure  and 
decreased  slowly  [26,  30].  Santini  et  al  suggest  that  the  signs  of  persons,  who  live  in  areas  near  antenna,  differ 
with  increase  of  distance  from  antenna  [32].  In  addition  to  distance  it  seems  that  the  antenna  characteristics  are 
important  factors. 

Bornkessel  and  Stocker-Meier  studies  on  24  antennas  showed  that  although  electrical  fields’  intensities  of 
these  antennas  are  in  standard  limit.  These  results  are  time  dependent  and  can  differ  with  different  antenna  traffic 
along  day  [1].  Although  some  of  these  studies  suggest  that  exposure  level  is  less  than  allowed  level  by  ICNIRP 
in  areas  near  the  base  station  antenna,  but  the  probability  of  long  term  exposure  dangers  of  these  waves  for 
whom  live  in  these  areas  are  not  rejected.  In  agreement  with  this  point,  Lai  et  al  showed  that  intensity  and 
duration  of  exposure  have  interactions  in  effectiveness  of  the  field  on  memory  so  that  high-intensity/short- 
duration  exposure  and  lower-intensity/longer-duration  exposure  have  similar  effects  on  frontal  cortex  and 
hippocampus  cholinergic  activity  and  memory  [17].  In  addition,  it  is  showed  that  chronic  exposure  to  EMF  can 
increase  plasma  corticosterone  level  [24].  This  elevated  level  of  corticosterone  can  induce  time-dependent 
neuronal  damage  in  hippocampus  and  impair  cognitive  function  [21]. 

In  the  present  research,  the  effect  of  acute  exposure  of  950  MHz  waves  emitted  by  base  station  antenna  on  the 
consolidation  phase  of  spatial  memory  was  investigated  via  the  Morris  water  maze.  This  set  of  experiment 
provides  no  evidence  indicating  that  spatial  memory  can  be  affected  by  the  45  minute  whole-body  exposure  to 
950  MHz  electromagnetic  field.  Although  this  study  was  used  as  a  model  for  understanding  the  effect  of  GSM 
electromagnetic  field  on  consolidation  phase  of  memory,  further  studies  are  needed  to  test  other  durations  and 
intensities  on  this  phase  of  memory. 
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Abstract 

The  health  care  staff  operating  MRI  devices  are  exposed  to  static  magnetic  field  of  significant  spatial 
heterogenity  (dB/dx)  and  high  level  of  flux  density  -  usually  existing  permanently  during  the  work  shift.  They 
can  be  also  exposed  to  pulses  of  magnetic  field  of  high  rate  of  rise/fall  dB/dt,  so-called  gradient  fields  -  existing 
only  during  examination  of  patients.  The  level  of  the  workers'  exposure  depends  both  on  the  type  of  the  magnet 
and  ergonomical  design  of  the  particular  MRI  device. 

The  paper  presents  current  state  of  the  art  on  the  occupational  exposure  to  static  magnetic  field  health  effects, 
gaps  in  scientific  data,  MRI  workers’  exposure  characteristic,  research  needs  and  suggestions  for  the  exposure 
assessment  protocol  for  further  investigations. 

Keywords:  MRI,  occupational  exposure,  electromagnetic  fields,  exposure  assessment 


1.  Introduction  -  MRI  EMF  and  exposure  results 
Electromagnetic  fields  associated  with  Magnetic  Resonance  Imaging 

Nuclear  magnetic  resonance  (NMR)  is  research  method  which  can  be  used  for  medical  imaging  or  spectral 
analysis  of  chemical  structure  of  samples.  The  basic  physical  phenomenon  in  NMR  is  resonant  absorption  and 
re-emission  of  radiofrequency  (RF)  radiation  by  protons  in  a  strong  static  magnetic  field.  In  the  magnetic 
resonance  imaging  (MRI)  scanners,  magnetic  field  useful  for  medical  examination  is  result  of  summation  of  2 
components:  static  field  produced  constantly  by  strong  magnets  (permanent,  resistive  or  superconductive)  and 
pulses  of  time-varying  so-called  gradient  field  produced  by  gradient  coils  placed  inside  the  housing  of  the  MRI 
scanner  [10].  The  dynamic  changes  of  spatial  distribution  of  field  produced  in  the  result  enables  3D  changes  of 
RF  resonating  absorption  by  patients  tissues  and  in  consequences  the  3D  imaging  of  the  internal  structure  of  the 
patient's  body.  Diagnostic  coils  placed  at  the  MRI  table  or  directly  on  the  body  of  examined  patient  produce 
pulses  of  RF  radiation  used  for  such  imaging. 

Magnets  of  magnetic  flux  density  of  0.2  -  3  T  are  currently  used  as  a  source  of  static  magnetic  field.  Higher 
field’s  (up  to  8  T)  MR  imaging  is  under  intensive  pre-clinical  investigations.  Workers  operating  MRI  scanners 
are  one  of  the  highest  exposed  group  to  static  magnetic  fields  because  usually  superconductive  or  permanent 
magnets  generate  the  field  constantly.  Only  resistive  magnets  can  be  switched  off  when  the  shift  is  over. 
Exposure  of  workers  to  RF  and  gradient  fields  is  not  common  among  MRI  workers  because  during  patients’ 
examination  medical  staff  is  usually  far  from  the  magnet,  controlling  examination  by  a  computer-console. 

Biological  and  health  consequences  of  electromagnetic  fields  exposure 

Biological  and  health  consequences  of  RF  and  gradient  fields,  associated  with  thermal  effects  and  electro¬ 
sensitive  tissues  excitations,  are  relatively  well  investigated.  In  contrary,  health  effects  of  static  magnetic  fields 
are  still  under  question,  especially  in  case  of  chronic  exposure  of  high  level.  Recent  World  Health  Organization 
(WHO)  monograph  232  [6]  concluded  that  there  is  not  sufficient  scientific  data  for  establishing  health  risk  of 
static  magnetic  field  exposure. 

Physical  effects  of  static  magnetic  fields  (translation  and  orientation  of  charged  molecules)  cause  electrodynamic 
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forces  on  moving  electrolytes,  and  effects  on  electron  spin  states  of  chemical  reaction  intermediates  [7], 
Translation  and  orientation  of  molecular  and  cellular  substances  such  as  retinal  rods,  and  some  living  cells  have 
been  experimentally  observed  in  vitro  in  static  fields  of  high  level  (above  1  tesla  (T)),  in  various  materials  -  dia- 
and  paramagnetic  such  as  hemoglobin,  collagen,  fibrin,  and  also  on  ferromagnetic  particles  such  as  magnetite. 
Water  distribution  can  be  also  affected  by  high-gradient  magnetic  fields  of  high  flux  density  (e.g.,  8  T,  50  T/m; 
Ueno  and  Iwasaka  1994,  following  [7]),  producing  the  force  directly  proportional  to  the  square  of  the  magnetic 
field  strength  and  inversely  proportional  to  the  radius  of  the  magnet  e.g.  force  up  to  30%  the  force  of  gravity  in 
above-mentioned  8  T  magnetic  field,  but  only  about  1%  of  gravity  in  whole-body  4  T  magnet. 

Static  magnetic  fields  exert  electrodynamic  forces  on  moving  ions  in  blood  vessels,  generating  an  electric 
potential  across  the  blood  vessels  (Hall  effect)  and  theoretically  a  reduction  of  blood  flow  velocity  (Tenforde 
1992,  following  [7])  -  a  5  and  10%  reduction  in  blood  flow  in  the  aorta  was  predicted  to  occur  in  static  fields  of 
10  and  15  T,  respectively,  due  to  magneto-hydrodynamic  interactions  (Kinouchi  et  al.  1996,  following  [7]). 
Related  observations  included  a  0.2-3%  change  in  blood  velocity  between  1-10  T  (Dorfman;  Keltner,  following 
[9]).  Experimental  examination  of  the  scale  of  biomedical  effects  associated  with  electrodynamic  and 
magnetodynamic  forces  in  exposed  human  body  are  still  under  examination,  frequently  using  electrocardiogram 
(ECG)  technique.  In  addition,  vertigo  and  other  sensations,  as  difficulty  with  balance,  nausea,  headaches, 
numbness  and  tingling,  phosphenes,  and  unusual  taste  sensations,  were  recorded  during  movement  in  high  field. 
The  other  investigated  endpoint  were:  cognitive  function,  assessed  during  exposure  using  standard 
neuropsychological  tests,  effects  of  exposure  to  fields  of  up  to  8  T  on  heart  rate,  respiratory  rate,  systolic  and 
diastolic  blood  pressure,  finger  pulse  oxygenation  levels,  and  core  body  temperature  [7].  The  exposed  volunteers 
moved  very  slowly  in  comparison  with  normal  workers  activities  in  the  vicinity  of  magnets  (one  or  two  feet  over 
a  few  seconds,  followed  by  a  15-30  s  pause,  taking  overall  about  3-4  min)  into  the  magnet  bore  in  order  to  avoid 
the  transient,  movement-induced  sensations  described  above.  Nevertheless,  nine  subjects  reported  sensations  of 
dizziness,  and  two  reported  a  metallic  taste,  assumed  to  be  due  to  electrolysis  of  metallic  chemicals  in  the 
subjects’  teeth  fillings  (Schenck  et  al.  1992,  following  [7]). 

IARC  (2002)  [12]  notes  that  two  somewhat  dated  studies  (Neurath  1968;  Ueno  et  al.  1984)  report  that  exposure 
to  1  T  fields  with  high  spatial  gradients  (10-1,000  T/m)  can  adversely  effect  the  development  of  frogs  and  toads, 
but  notes  that  most  studies  indicate  a  lack  of  effect  of  static  field  exposure. 

With  static  magnetic  fields,  reactions  under  laboratory  conditions  include  a  17%  increase  in  human  cardiac  cycle 
length  at  2  T  (Jehesen  et  al.,  following  [9]).  The  authors  suggested  that  the  observed  effect  is  probably  harmless 
in  healthy  subjects,  but  that  its  safety  in  dysrhythmic  persons  was  not  certain.  Such  question  is  very  important  in 
the  case  of  health  examination  for  workers,  who  are  going  to  start  or  continue  MRI  scanners  operation. 


2.  Pattern  of  occupational  exposure  during  MRI  scanners  operation 

For  health  care  staff  (nurses,  technicians,  radiologists),  the  static  magnetic  field  from  MRI  units  is  of  special 
concern  as  during  the  shift  the  field  is  permanently  on.  Inside  the  MRI’s  room,  the  highest  exposure  occurs  in  the 
direct  proximity  to  the  magnet’s  housing.  The  workers  are  exposed  to  the  static  magnetic  field  while  attending 
patients  before  and  after  examination  and  also  while  operating  the  MRI  unit  by  the  console  situated  on  the 
housing  of  the  magnet.  Exposure  to  gradient  and  RF  pulses  is  possible  only  during  the  examination  and  affects 
workers  only  in  special  cases,  e.g.  during  so-called  dynamic  examination,  interventional  MRI  procedure  or 
because  of  emerging  needs  (even  inside  the  bore  of  magnet).  During  patient’s  examination,  the  attendants 
usually  stay  in  front  of  the  monitor  of  computer  controlling  the  examination,  outside  the  MRI  room  (which  is 
usually  electromagnetically  shielded  to  screen  MRI  device  from  all  kinds  of  outside  electromagnetic  radiation). 

During  MRI  examination,  examined  subject  (selected  part  of  patient’s  body)  lies  at  the  MRI’s  table  located 
within  the  area  of  static  magnetic  field  of  very  high  spatial  distribution’s  homogeneity  in  the  bore  of  magnet’s 
housing  (in  the  case  of  so-called  close  MRI  device)  or  in  the  open  space  between  magnet's  legs  (in  the  case  of 
so-called  open  MRI  device).  Medical  staff  activities  are  carried  out  in  the  vicinity  of  magnet  housing,  in  the 
static  field  of  significant  spatial  heterogeneity.  The  standing  with  the  patient  before/after  examination,  usually  at 
the  distance  of  0.3  -  1.5  m  from  the  housing  of  the  magnet,  last  in  the  most  cases  2-15  minutes  [9],  The  basic 
activities  are  as  follows  (fig.  1): 

attending  at  the  MRI  room  during  patient's  access  and  lay  down  on  the  MRI’s  table  (area  A  +  B) 
positioning  of  diagnostic's  RF  coils  on  the  MRI’s  table  or  patient's  body  (area  A  +  B) 
plugging-in/off  the  RF  coils'  cables  into  the  supplying  socket  (area  A  +  B  or  D  or  E) 
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MRI  table  positioning  for  fixing  its  initial  geometrical  position  and  put  in/out  it  into/from  the  area  of 
uniform  field  (inside  magnet's  bore  or  within  open  space  of  open  device)  (area  A  +  C) 

attending  at  the  room  while  patient  is  getting  off  from  the  MRI  table  (area  A  +  B). 

In  the  case  of  certain  types  of  examination,  a  patient  is  dosed  with  some  pharmaceutical  components,  e.g. 
contrast,  frequently  when  patient  is  placed  inside  the  magnet.  In  the  most  of  cases  dosing/injection  is  made  by 
nurses,  even  if  the  use  of  infusion  pumps  is  technically  possible.  These  activities  last  1-2  minutes  and  is 
frequently  the  reason  of  high  exposure  of  the  staff  within  area  D  at  fig.  1 . 

Cleaners  can  be  also  exposed  to  high  level  of  static  magnetic  fields  inside  MRI  room  or  inside  the  bore  of 
magnet  because  permanent  and  superconductive  magnets  are  permanently  on. 


Fig.  1.  Characteristic  of  the  health  care  staff  exposure  while  MRI  examination  attending:  area  A,  E,  F  -  whole 
body  exposure;  area  B  -  hands  exposure  or  head  while  worker  is  leaning  towards  the  patient;  C  -  hands  exposure; 
D  -  hands  or  whole  body  exposure  when  worker  have  to  approach  very  close  to  the  area  of  uniform  field  (or  is 
leaned  against  magnet  housing)  [9] 

The  exposure  of  medical  staff  to  static  magnetic  fields  while  positioning  the  patient  can  be  as  high  as  the  main 
field  in  the  system,  although  locally  and  for  limited  periods  of  time.  The  trend  towards  the  routine  use  of  high 
field  MRI  systems  (3-4  T)  is  increasing  concern  that  exposure  of  workers  and  patients  can  exceed  the  existing 
recommended  guidelines  (tab.  1). 


Table  1.  Permissible  occupational  exposure  to  a  static  magnetic  field. 


Recommendations  from 

Whole  body 

Limbs 

Cardiac  stimulators  and 
implanted  electronically 
activated  devices 

Whole 

working 

day 

Ceiling 

value 

Whole 

working 

day 

Ceiling 

value 

ICNIRP  guidelines,  1994  [7] 

200  mT 

2  T 

not  fixed 

5  T 

0.5  mT 

EMF  directive,  2004  [4] 

200  mT 

not  fixed 

not  fixed 

not  fixed 

mentioned  but  not  fixed 

IEEE  standard,  2002  [8] 

500  mT 

500  mT 

500  mT 

500  mT 

mentioned  but  not  fixed 

ACGIH,  2005  [1] 

60  mT 

2  T 

600  mT 

5  T 

0.5  mT 

Static  field  exposure  levels  must  be  quantified  and  controlled  for  medical  staff  safety.  In  the  near  future,  ICNIRP 
is  going  to  review  its  guidelines  on  limiting  exposure  to  static  magnetic  fields  [7].  Medical  or  paramedical  staff 
may  be  exposed  at  low  magnetic  and  electromagnetic  fields  around  the  device  or  outside  the  room  for  hours 
daily. 

Concerning  open  or  interventional  MRI  devices  with  magnetic  field  strength  below  1 .0  T,  staff  operating  such 
devices  are  not  exposed  at  levels  higher  than  the  currently  recommended  limits  for  occupational  exposure. 
However,  there  are  only  limited  data  on  the  exposure  of  surgeons  at  open  MRI  devices. 
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Medical  workers  exposure  to  static  fields  from  20  various  MRI  devices  of  0.2  -  2  T  magnets,  used  for  medical 
examination  of  various  tissues  (with  head's  examinations  carried  out  the  most  frequently)  presented  by 
Karpowicz  and  Gryz  [9]  can  be  consider  as  the  typical  example  of  medical  staff  exposure  pattern.  The  level  of 
static  magnetic  field  decreases  rapidly  with  the  distance  from  the  magnet  housing  -  app.  100-fold  at  a  distance  of 
about  2  m.  In  each  of  the  cases,  the  area  of  controlled  access  for  persons  with  cardiac  pacemakers  (B  >  0.5  mT) 
exist,  up  to  the  distance  no  longer  than  approx.  5  m  from  magnet.  Magnetic  fields  of  B  =  10  -  500  mT  can  be 
found  in  a  distance  up  to  approx.  1.5  m  from  the  magnet.  In  the  case  of  0.5  -  2  T  MRI  units,  the  area  of  the  high 
field,  where  occupational  exposure  limitations  should  be  consider  (B  >  100  mT)  can  be  found  up  to  approx.  0.5 
m  from  the  border  of  the  magnet's  bore.  The  spatial  distribution  of  the  field  levels  are  significantly  non-isotropic 
around  the  bore  magnets'  housings  -  in  front  of  and  behind  them  much  wider  than  sidelong.  In  the  case  of  open 
MRI  units,  the  spatial  distribution  of  the  field  is  isotropic  around  the  magnet’s  housing. 

Inside  MRI  rooms,  the  maximum  exposure  level  in  front  of  the  magnet  can  reach  1  T.  Exposure  level  in  the  area 
of  workers'  routine  activities  can  reach  150  mT  (for  whole  body  exposure)  and  600  mT  (for  hands  exposure) 
(tab.  2).  In  the  case  of  performing  professional  activities  very  close  or  inside  the  magnet's  bore,  workers  can  be 
exposed  to  higher  fields.  Exposure  of  hands  to  a  static  magnetic  field  up  to  1,5  T  was  found.  Exposure  of 
workers  outside  the  MRI  room  is  lower,  at  a  distance  of  5  -  10  m,  the  magnetic  field  is  normally  less  than 
0.5  mT. 


Table  2.  Static  magnetic  field  in  the  most  possible  places  where  health  care  staff  attending  patients  before/after 
_ MRI  examination  [9], _ 


Health  care  staff  exposure  level,  mT 

/  MRI  unit 

Activities  types 

0.2  T 

0.5  T 

1.5  T 

open 

bore 

bore 

diagnostic  RF  coils  positioning  on  the  MRI  table  or 
patient's  body  -  whole  body  exposure 

3-50 

5-100 

50-150 

diagnostic  RF  coils  positioning  on  the  MRI  table  or 
patient's  body  -  hands  exposure 

5-100 

20-250 

100-600 

plugging-in/off  the  RF  coils  cables  into  the  supplying 
socket  and  console  use  -  hands  exposure 

60-100 

30-40 

20-500 
up  to  1500  ’ 

maximum  field  existing  on  the  accessible  for  workers 
cover  of  magnet 

200-270 

80-300 

250-600 

1  -  in  case  of  location  the  supplying  socket  inside  a  magnet  bore 


3.  Research  needs  concerning  MRI  exposure  assessment 

No  serious  adverse  health  effects  from  the  whole-body  exposure  of  healthy  human  subjects  up  to  8  T  have  been 
reported  in  the  literature,  but  also  no  epidemiological  studies  have  been  performed  yet  to  assess  possible  long 
term  health  effects  in  patients,  workers,  or  volunteers.  Only  few  informative  studies  have  been  performed  using 
exposures  above  2  T.  This  fact  is  very  confusing  against  the  growing  up,  the  use  of  static  magnetic  fields  in 
medicine,  which  lead  to  exposures  of  patients  and  workers  to  very  high  fields,  even  significantly  exceeding  the 
level  of  scientifically  investigated  exposure  results  (4  to  8  T).  The  main  conclusions  from  WHO’s  health  risk 
assessment  of  static  magnetic  fields  [6],  including  the  analysis  of  gaps  in  knowledge  about  possible  health 
effects,  indicated  that,  research  carried  out  to  date  has  not  been  systematic  and  has  often  been  performed  without 
appropriate  methodology  and  exposure  information.  In  consequences,  no  sufficient  knowledge  concerning  safety 
conditions  are  available  today  for  static  magnetic  fields  exposure  existing  in  the  vicinity  of  MRI  devices. 

This  lack  of  information  resulted  among  others  in  the  EU  Directive  2004/40/EC  provisions,  which  does  not 
contain  exposure  limit  value  for  static  magnetic  fields.  To  solve  this  serious  problem  for  occupational  safety  and 
health  engineering,  further  investigations  concerning  health  risk  assessments  for  static  magnetic  field  exposure 
have  been  recently  identified  by  international  bodies  [5,  6,  7,  14]  as  being  of  high  priority  for  health  risk 
assessment.  The  main  areas  identified  for  such  research  include: 

-  monitoring  of  occupational  exposure,  especially  above  4  T,  suitable  to  allow  epidemiological  studies 

-  epidemiological  studies  of  possible  long-term  health  effects  in  patients,  volunteers,  and  staff  with  occupational 
exposure,  particularly  those  with  high  levels  of  cumulative  exposure 

-  epidemiological  studies  on  pregnancy  outcome,  of  high  interest  for  patients  as  well  as  pregnant  workers 
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-  studies  on  biological  effects  of  strong  static  magnetic  fields,  especially  of  chronic  exposure  on  reproduction  and 
development. 

Further  studies  should  be  more  systematic  and  coordinated.  Appropriate  dosimetry  is  important  for  all  kind  of 
research.  There  is  a  need  to  investigate  the  importance  of  physical  parameters  of  exposure  such  as: 

-  field  intensity 

-  exposure  duration 

-  field  gradient  on  biological  outcome. 

It  means  in  practice  the  need  of  the  use  of  investigations  protocol,  which  allow  the  performance  of  the  analysis 
of  exposure  level's  distribution  during  the  shift. 

Epidemiological  studies  are  of  primary  importance  in  health  risk  assessment  [14].  The  use  of  adequate  estimates 
of  exposure  from  all  relevant  sources  and  to  establish  real  exposure  pattern  and  it’s  variability  among  various 
countries  is  essential  for  quantitative  analysis  of  research  results  and  exposure’s  risk.  High  quality 
epidemiological  studies,  not  executed  yet,  should  focus  on  workers  involved  in  high  exposure  areas  and  address 
endpoints  such  as  cancer  and  pregnancy  outcomes  in  occupational  situations.  Attention  should  be  paid  also  to  the 
important  confounding  variables,  such  as  toxic  fumes,  vibration  or  other  kinds  of  non-ionizing  or  ionizing 
radiation.  Highly  exposed  occupational  groups,  as  medical  staff  operating  MRI  scanners  should  be  identified  and 
followed  over  time  with  focus  on  common  health  outcomes  with  short  latency  periods  (e.g.  effects  on  CNS 
functions  and  cardiovascular  effects).  A  health  survey  of  surgeons,  nurses  and  other  workers  using  interventional 
MRI  would  provide  useful  information  as  to  levels,  durations  and  frequency  of  exposures  of  workers  to  static 
fields  in  these  systems. 

Experience  with  other  frequencies  has  shown  that  obtaining  reliable  estimates  of  exposure  to  EMF  for  use  in 
epidemiological  studies  can  be  very  difficult,  and  surrogate  measures  of  exposure,  such  as  job  title  or  distance 
from  a  particular  source,  may  not  always  provide  sufficiently  accurate  assessments.  Investigations  concerning 
low  frequency  exposure  shown,  that  pocket-personal  dosimeters  would  significantly  improve  exposure 
assessment  for  epidemiological  studies  and  risk  assessment.  Adequate  exposure  assessment  protocol  for  such 
method  should  be  focused  on: 

magnetic  field  strength 

magnetic  field  gradients 

exposure  durations 

the  rate  of  change  of  the  magnetic  due  to  motion. 

Development  of  methods  and  tools  for  reliable  assessment  of  human  body  exposure  levels  taking  into  account 
exposure  metrics  other  than  average  field  strength;  criteria,  improving  exposure  monitoring  strategies  both  for 
static  magnetic  field  and  time-varying  components,  for  complex  and  inhomogeneous  exposure  situations  and  for 
personal  exposure  assessment  (personal  dosimeters)  is  included  in  the  high  priority  research  needs  [5]  crucial  for 
investigations  on  exposure  risk  for  MRI  technology.  Numerical  and  experimental  validation  of  the  dosimeters  is 
required  and  should  consider  technical  properties  of  dosimeter  coming  from  EMF  sensor,  its  calibration, 
dynamic  and  frequency  respond,  spatial  respond,  sensitivity  to  human  body,  motion  speed,  sampling,  etc.  For  the 
possibility  of  the  use  of  monitoring  results  for  various  kind  of  analysis,  it  is  very  important  to  develop 
standardized  exposure  assessment  protocol. 

Studies  in  tissues,  living  cells  and  cell-free  systems  play  a  supporting  role  in  health  risk  assessments  [14].  Long¬ 
term  and  acute  studies  on  experimental  animals  are  needed  using  endpoints  such  as  life-span,  cancer, 
development,  cardiovascular,  immune  system  and  CNS  responses  [5].  In  vitro  studies  should  investigate 
interaction  mechanisms  such  as  radical  pair  reactions  and  enzymatic  activity,  as  well  as  effects  on  gene 
expression,  mutagenicity  and  cell  transformation. 

Static  magnetic  fields  may  interact  with  biological  systems  in  a  number  of  ways,  although  the  most  likely  means 
of  causing  health  effects  are  via  field-induced  effects  on  charged  molecules  and  alterations  in  the  rate  of 
biochemical  reactions.  Theoretical  and  computational  studies  are  needed  to  investigate  the  magnitude  and 
direction  of  induced  currents  and  fields  under  various  magnetic  field  exposure  conditions. 

Human  laboratory  studies  on  acute  transient  effects  of  exposure  to  static  field  effects  studied  in  controlled 
exposure  parameters  can  bring  additional  knowledge  concerning  thresholds  of  particular  exposure  effects  and 
physical  measures  of  exposure  which  should  be  monitored  for  exposure  assessment  in  real  situations.  The 
priorities  for  such  research  [14]  were  identified  including  studies  on  field-induced  vestibular  dysfunction 
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including  vertigo,  head  and  eye  coordination  in  a  gradient  and  static  magnetic  field.  Such  investigations  are 
focused  on  the  MRI  interventional  procedures,  when  medical  staff  are  in  close  proximity  to  patients  within  a 
magnet  and  are  consequently  exposed  to  relatively  high  fields.  Further  investigation  of  such  mechanisms  and 
intensity  is  considered  of  special  interest  because  of  the  increasing  likelihood  that  medical  staff  will  be 
performing  complicated  tasks  for  extended  periods  of  time  within  a  magnetic  field  high  exposure.  Additional 
attention  should  be  paid  on  cognitive  and  behavioral  effects  of  static  magnetic  fields.  Possible  investigations 
could  be  executed  as  a  battery  of  cognitive  tasks  that  encompass  standard  tests  of  attention,  reaction  time  and 
memory,  as  an  initial  work  with  exposed  volunteers  to  find  topics  for  further  more  focused  work. 

Proper  design  and  interpretation  of  all  types  of  above  mentioned  studies  are  not  possible  without  expert 
dosimetric  support.  Computational  dosimetry  can  provide  the  link  between  an  external  static  magnetic  field  and 
the  internal  electric  fields  and  induced  currents  caused  by  movement  of  living  tissues  in  the  field,  taking  into 
consideration  specific  tissues  and  organs.  Precise  investigations  can  be  focused  on  the  electric  fields  and  currents 
associated  with  visual  phosphenes  and  vertigo,  fields  and  currents  generated  by  head  and  eye  movements  in  a 
static  magnetic  field,  whole-body  movement  by  staff  around  the  interventional  MRI  system.  Such  investigations 
should  be  performed  with  the  use  of  a  very  fine  resolution  head-and-shoulder  phantom  and  are  considered  of 
particular  relevance  to  interventional  MRI  procedures  where  reduced  head  movements  of  surgeons  and  other 
clinical  staff  may  necessitate  increased  movement  of  the  eyes. 

The  ability  of  non-error  performing  of  such  work  can  be  of  high  importance  for  the  patient’s  safety,  and  should 
be  also  considered  within  occupational  risk  assessment. 


4.  Conclusion 

There  are  many  gaps  in  knowledge  of  biological  effects  and  interaction  mechanisms  of  MRI-related 
electromagnetic  fields  with  tissues.  High  priority  research  needs  cover  the  studies  to  fill  important  gaps  in 
knowledge  focused  on  health  risk  assessment  that  are  needed  to  significantly  reduce  the  uncertainty  in  the 
current  scientific  information.  In  the  case  of  very  specific  occupational  situation  of  medical  staff  operating  MRI 
scanners,  additional  attention  should  take  notice  of  the  occupational  risk  assessment.  Further  investigations  and 
exposure  assessment  should  include  the  safety  of  patients  from  non-error  work  ability  of  medical  staff  and  safety 
requirements  preventing  hazards  from  "flying  metallic  objects"  (3  mT)  and  possible  destroying  of  magnetic 
memories/cards  (0.5  mT).  Further  investigations  should  provide  knowledge  for  current  scientific  gaps,  but  also 
to  allow  verification  of  the  protection  level  from  exposure  limitations  published  by  various  international  and 
national  bodies.  Such  needs  indicate  that  exposure  assessment  should  allow  multi-level  analysis  of  exposure 
pattern,  harmonized  with  exposure  limitations  mentioned  in  Table  1.  The  most  important  topics  for  exposure 
assessment  from  MRI  scanners  should  include  static  and  gradient  fields  exposure,  exposure  results  from  workers 
movement  in  the  area  of  spatially  heterogeneous  fields,  medical  staff,  technicians,  cleaners  and  other  possible 
exposed  workers  groups,  open  and  close  magnets,  low  and  high  field  magnets,  diagnostic  and  interventional  use, 
various  types  of  medical  procedures,  availability  of  technical  staff  for  the  reduction  exposure  level  and  duration. 
In  any  case  of  further  research,  detailed  exposure  assessment  protocol  published  with  the  biomedical  research 
results  will  be  of  high  importance  for  combined  analysis  of  various  studies  and  determination  of  the  groups  of 
highly  exposed  or  at  high  risk  groups  of  workers. 
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Abstract 

The  aim  of  this  study  is  to  examine  the  possible  synergistic  action  between  the  cytotoxic 
Ph3Sn(MNA)SnPh3  complex  (SNMNA)  and  its  electromagnetic  resonance  radiofrequencies  on 
proliferation  and  viability  of  a  cancer  cell  line.  Leiomyosarcoma  tumor  cells  (LMS  cells)  were  isolated 
from  cancer  bearing  Wistar  rats  and  tested  for  their  proliferation  and  viability  after  administration  of  the 
SNMNA  complex  in  various  concentrations.  We  used  an  appropriate  system  to  take  the  resonance 
radiofrequencies  spectrum  of  the  SNMNA  complex.  Then  the  LMS  cells  were  exposed  to  two  groups  of 
frequencies  for  45  min  every  24h  to  determinate  their  proliferation  and  viability.  Lastly  we  studied  the 
simultaneous  administration  of  the  SNMNA  complex  and  exposure  to  two  groups  of  its  radiofrequencies. 
The  data  collected  reveal  that  the  SNMNA:  1)  Is  a  very  cytotoxic  and  antiproliferative  agent  against  cancer 
cells  and  2)  In  low  concentrations  exercises  synergistic  action  with  Electromagnetic  Resonance 
Frequencies  (ERFs)  and  promotes  obvious  cytotoxic  and  antiproliferative  action.  In  conclusion,  SNMNA 
complex  presents  a  relatively  strong  anticarcinogenic  and  cytotoxic  activity.  The  mechanism  of  SNMNA 
complex  action  on  the  LMS  cells  seems  to  be  related  with  the  inhibition  of  the  glycolytic  metabolism  of  the 
cancer  cells.  Possibly  the  SNMNA  complex  acts  as  an  anti-metabolite  competing  nicotinic  acid  in  energy 
production  metabolic  pathways  in  which  it  participates  as  a  coenzyme.  The  cytotoxicity  of  the  SNMNA 
complex  can  be  modified  with  the  use  of  electromagnetic  fields  which  can  result  beneficial  for  its  future 
therapeutic  actions. 
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Introduction 

LMS  tumor  is  a  type  of  cancer  which  presents  great  resistance  to  chemotherapy.  Until,  cis-platinum  is  the 
preferred  therapeutic  agent  [1,2, 3, 4],  Due  to  its  chemical  characteristics  and  the  ability  to  form  bonds 
between  DNA  strands,  the  main  intercellular  target  of  cis-platinum  is  the  cell’s  DNA  [5]  The  Pt  derivatives 
interpolate  between  DNA  strands  and  provoke  structural  deformation  to  DNA  molecules  inhibiting  the 
functional  rotations  around  the  histones  resulting  to  DNA  fragmentation.  [5],  It  is  not  really  clear  if  cis- 
platinum  as  well  as  other  forms  of  Pt  complexes  is  metabolically  activated  by  cell’s  microsomial  system  in 
order  to  react  with  DNA  molecule  [6].  Platinum  is  the  preferred  element  used  to  construct  metal  complexes 
with  antitumoral  effects.  Various  Tin  complexes  are  used  in  the  same  therapeutic  approach  as  platinum,  for 
cancer  experimental  therapy  [7,8,9,10,11,12,13,14,15,16,17].  A  restrict  number  of  experimental  studies 
indicated  that  Tin  complexes  may  act  with  a  different  mechanism  of  cis-Pt  [11,12,13,14,15,16,17].  The 
present  project  studies  the  cytotoxic  and  antiproliferative  effects  of  SNMNA  complex  and  the  synergistic 
action  between  the  SNMNA  complex  and  its  electromagnetic  resonance  radiofrequencies  on  cancer  cells  in 
vitro. 

Material  and  Methods 

Tumor  cell  line  development:  LMS  cells  were  produced  the  following  way:  3  male  and  3  female  Wistar 
rats  were  selected  from  a  group  of  syngenic  laboratory  animals  (7th  generation).  After  anaesthetization  with 
ketamine  and  midazolam,  B[a]P  was  administered  using  the  procedure  described  by  Karkabounas  et  al 
[18,19,20,21,22],  110  to  128  days  late,  all  animals  developed  tumors.  Biopsies  were  performed  after 
anaesthetization  with  diethyl  ether  and  a  sample  of  malignant  cells  was  attained  using  a  bioptic  needle. 
Tumors  of  4  animals  were  histological  identified  as  LMS  tumors  (65%).  One  of  them  developed 
fibromyosarcoma  and  another  rhabdomyosarcoma.  Aseptic  samples  of  LMS  tumors  sizing  about  0,5  cm’ 
were  placed  into  cold  Ringer  sterile  solution.  Then  they  were  aseptically  cut  into  smaller  pieces  (around 
1mm3)  and  placed  in  a  sterilized  glass  beaker  with  20  ml  of  Trypsin  0,25%  solution.  Incubation  of  the 
pieces  was  performed  by  a  gently  stir  and  every  15  minutes  20  ml  of  the  supernatant  were  collected  and 
placed  into  sterile  plastic  tubes  (falcon)  for  further  process.  Before  we  commence  the  second  round  of 
trypsinisation  10ml  of  Dulbeco’s  Modified  Eagles  Medium  (DMEM)  were  added  to  protect  tumors  from 
the  trypsin  action.  Afterwards  10  ml  of  DMEM  were  rejected  and  20  ml  of  trypsin  0,25%  solution  were 
added  again  and  the  same  trypsinization  process  was  repeated  until  the  tumor  pieces  were  dissolved  in 
released  tumor  cells.  In  each  tube  with  the  collected  tumor  cells  after  trypsinization,  we  added  1  ml  of 
Foetal  Bovine  Serum  (FBS)  in  order  to  stop  the  action  of  trypsin.  The  tubes  containing  the  initial 
trypsinised  samples  of  the  tumors  centrifuged  at  1200  rpm  for  5  minutes  in  order  to  form  a  pellet  all  the 
remaining  cells.  Supernatant  was  rejected,  10ml  of  Phosphate  Buffer  Saline  (PBS)  were  added  and  the  cell 
suspension  was  gently  mixed  using  pipette  before  the  second  centrifugation  at  1200  rpm  for  5  minutes. 
Supernatant  was  again  rejected,  10  ml  of  DMEM  with  10%  FBS  were  added,  mixed  with  the  cells  and  a 
sample  of  1  ml  suspension  was  cultured  in  a  Petri  dish  (9  ml  DMEM,  1  ml  FBS).  Cells  incubated  at  37% 
°C,  95%  02,  5%  C02  and  examined  once  a  day  by  light  microscopy.  Cells  were  subcultured  in  order  to 
obtain  large  numbers  of  tumor  cells.  The  confluent  tumor  cells  in  each  Petri  dish  washed  with  10  ml  of  PBS 
to  digress  the  dead  cells,  added  1  ml  of  trypsin  0,25%  solution  in  order  to  be  detached  and  10  ml  of  DMEM 
to  stop  the  trypsin  action.  The  cell  suspension  from  Petri  dish  transferred  into  sterilized  plastic  tubes  and 
centrifuged  at  3000  rpm  for  5  minutes.  The  supernatant  rejected  and  the  pellet  of  cells  resuspended  in  a 
cryopreservation  solution  of  FBS  and  Dimethyl  Sulfoxide  (DMSO)  at  9:1  ratio,  placed  in  cryotubes  (1ml  of 
total  volume)  and  stored  in  liquid  nitrogen  in  order  to  be  used  again  when  needed.  Examination  the  nature 
of  these  cells  was  performed  using  two  techniques:  1)  Classic  diagnostic  after  Giemsa  dyeing,  2)  Biological 
testing.  We  used  large  numbers  of  viable  tumor  cells  collected  from  a  recent  cell  culture  as  described 
above.  These  cells  were  inoculated  into  Wistar  rats,  belonging  to  a  homogenic  line,  to  whom  the  initial 
tumor  sample  was  taken  (syngenic  animals).  Before  the  inoculation  the  rats  anaesthetized  with  ketamine 
and  midazolam  (20mgr+6mgr  per  Kg  BWt)  followed  by  a  2  cm  surgical  incision  performed  aseptically  on 
the  left  shoulder  blade.  The  tissues  removed  and  severed  lightly  until  a  small  bleeding.  4xl06  LMS  cells 
suspended  in  1  ml  of  Hanke’s  solution  and  inoculated  on  the  traumatized  tissues  by  a  gentle  injection.  The 
edges  of  the  wound  ascended  kou  stitched  so  as  the  LMS  cells  to  remain  in  the  wound.  Tumors  were 
developed  after  a  period  of  around  10-20  days.  Small  tumor  pieces  were  cut  for  histopathological 
examination.  All  tumor  samples  were  identified  as  Leiomyosarcomas.  All  the  inoculated  animals  developed 
the  characteristics  of  the  neoplastic  disease.  Tumor’s  size  at  death  was  around  38-45%  of  the  total  animal 
weight. 
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SNMNA  complex  cytotoxicity  and  antiproliferative  effects  on  LMS  cells  in  vitro :  For  these  experiments 
we  used  LMS  cells  taken  from  liquid  nitrogen.  The  LMS  cells  were  cultured  in  a  Petri  dish  and  incubated 
for  10  days  in  order  to  control  the  proliferation  rate  and  viability.  When  the  LMS  cells  become  confluent, 
the  DMEM  rejected,  washed  with  PBS  and  1ml  of  trypsin  0,25%  solution  added.  After  five  minutes 
incubation  the  LMS  cells  were  detached  and  we  added  10  ml  of  DMEM  in  Petri  dish.  We  counted  the  LMS 
cells  on  a  cymometer  Newbauer  and  seeded  in  Petri  dish  containing  24  wells  totally  (25.000  LMS  cells  per 
well,  total  volume  1  ml).  We  seeded  3  Petri  dishes  for  24,  48  and  72  hours.  After  24  hours  incubation  we 
renewed  the  DMEM  in  12  wells  of  each  Petri  (control  wells).  At  the  remaining  12  wells  of  each  Petri  we 
rejected  the  DMEM  and  added  the  dissolved  in  DMEM  SNMNA  complex  in  various  concentrations  (test 
wells).  The  total  volume  was  1  ml  per  well.  We  examined  the  following  concentrations  of  the  SNMNA 
complex:  0,5xl0'9  M,  0,75xl0-9  M,  lxlO-9  M,  5xl0'9  M,  20xl0'9  M,  50xl0'9  M,  75xl0-9  M,  lOOxlO-9  M, 
125xl0"9  M,  150xl0‘9  M,  200  xl0‘9  M,  250  xlO'9  M.  After  24  hours  incubation  we  rejected  the  DMEM, 
washed  with  1  ml  of  PBS,  added  0,25  ml  of  trypsin  0,25%  solution  and  incubated  again  for  5  minutes. 
When  the  LMS  cells  were  detached  we  added  0,25  ml  of  PBS  and  0,5  ml  of  trypan  blue  0,4%  solution 
(total  volume  1  ml).  After  5  minutes  we  counted  the  LMS  cells  of  each  well  on  a  cymometer  Newbauer. 
The  above  procedure  for  24  hours  cell  testing  was  repeated  for  48  and  72  hours  incubation. 

Chemicals:  DMEM,  DMSO,  PBS  and  Trypan  Blue  0,4%  were  purchased  from  Sigma;  Trypsin  0,25%  and 
FBS  were  purchased  from  PAA  (Cell  culture  company);  Stereochemical  formula  of  SNMNA  complex  is 
shown  at  photo  1 . 

Simultaneous  administration  of  the  tin  complex  and  its  electromagnetic  resonance  radio  frequencies 
on  LMS  cells  in  vitro:  This  experiment  included  5  different  tests.  Cell  viability  was  the  comparable 
parameter  in  every  test.  Cell  viability  was  tested  by  using  Trypan  Blue  0,4%  solution,  counting  only  live 
cells.  For  all  the  5  different  tests,  25.000  LMS  cells  were  cultured  in  each  well  of  a  Petri  (24  wells  totally), 
using  6  wells  for  each  count  at  24,  48  and  72  hours.  Each  test  was  performed  as  follows: 

1st  test  line  (control  of  the  controls ):  The  results  of  these  tests  were  used  to  confirm  the  controls  (double 
blinded)  and  were  characterized  as  El  test.  Particularly,  24h  after  cell  culture,  DMEM  was  rejected,  each 
well  was  washed  with  1ml  PBS  and  fresh  DMEM  was  added  to  a  final  volume  of  1ml.  Cells  were 
incubated  for  24h  at  37oC,  95%  CL,  5%  CCL.  DMEM  was  again  rejected  in  the  first  6  wells  which  was 
washed  using  1ml  of  PBS.  0,25  ml  of  trypsin  solution  0,25%,  was  then  added  in  each  well  and  cells  were 
incubated  for  3  minutes  in  order  to  detach.  After  3  minutes  period  0,25ml  of  PBS  and  0,5ml  Trypan  Blue 
(0,4%)  solution  were  added.  Following  5  minutes  of  incubation  cell  viability  was  measured  using  a 
microscope.  This  procedure  was  repeated  at  48  and  72h. 

2nd  test  line  (control):  The  results  of  these  experiments  were  used  as  controls  (blind)  and  were  characterized 
as  E2  tests.  LMS  cell  culture,  24h  incubation,  dead  cell  rejection,  PBS  wash,  DMEM  renewal  was 
performed  as  descript  above.  The  next  step  was  to  let  the  Petri  outside  the  incubation  chamber  at  RT  (25 
°C)  and  normal  atmosphere  (N2  80%  and  02  20%  approximately)  under  sterilized  conditions  for  45 
minutes.  LMS  cell  viability  was  measured  after  24h  incubation  (Trypan  Blue  method  described  above).  The 
same  treatment  was  repeated  at  48  and  72h  in  order  to  determinate  the  LMS  cell  viability. 

3rd  test  line  (substance  activity):  This  line  of  experiments  was  characterized  as  E3  and  was  conducted  the 
same  way  as  El  with  the  exception  that  before  the  first  24h  incubation  the  SNMNA  complex  was  dissolved 
in  DMEM  (1ml  of  total  volume)  and  added  in  each  well  at  various  concentrations  (1st  group:  10'12  M,  10"15 
M,  10'1S  M  and  2nd  group:  5xl0‘9  M,  20xl0‘9  M,  50xl0"9  M).  LMS  cell  viability  control  was  performed  at 
the  same  time  periods  using  the  same  methods  as  described  above. 

4th  test  line  (electromagnetic  field  activity):  This  line  of  experiments  was  characterized  as  E4  and  was 
performed  in  the  same  way  as  E2  with  a  simultaneous  exposure  of  the  Petri  at  a  range  EFRs  of  SNMNA 
complex  for  45  minutes  (1st  group  of  exposure  included  10  frequencies,  2nd  328  frequencies).  LMS  cell 
viability  control  was  determinated  at  the  same  time  periods  using  the  same  methods.  The  conditions  of 
exposure  were  the  same  as  E2. 

5th  test  line  (simultaneous  activity  of  the  SNMNA  complex  and  the  electromagnetic  field):  This  line  of 
experiments  was  characterized  as  E5  and  included  the  simultaneous  study  of  the  SNMNA  complex  actions 
(2  groups  of  concentrations)  and  exposure  to  its  ERFs  (2  groups  of  frequencies)  on  the  LMS  cells. 
Experiments  were  performed  by  combining  E3  and  E4  test  lines  (addition  of  the  SNMNA  complex  at 
known  concentrations  and  exposure  at  known  frequency  groups  of  the  LMS  cells  for  45min/24h).  All  cell 
lines  experiments  were  repeated  5  times. 
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Equipment  and  used  apparatus 

Recording-storing-frequency  broadcasting  system:  The  used  system  is  called  Multi  Channel  Dynamic 
Exciter  (MCDE)  and  it  is  composed  of:  a)  the  diagnostic  system,  b)  the  storing  system  and  c)  the  field 
generator.  The  diagnostic  system  is  based  on  Bohm-Aharonov  effect,  which  was  discovered  by  them  in 
1959  during  a  study  involving  experiments  of  recording  beams  of  electrons  (P  rays)  through  a  number  of 
various  solenoids  [23,24].  A  substance  or  a  biological  sample  is  put  in  a  determinate  part  of  the  diagnostic 
apparatus  in  connection  with  a  solenoid  and  the  electromagnetic  frequencies  generator.  The  generator  is 
activated  and  scan  a  broad  spectrum  of  radiofrequencies  from  0, 1  Hz  to  1  MHz.  The  frequencies  in  which 
observed  resonance  between  electromagnetic  radiofrequencies  emitted  by  the  sample  (substance  or 
biological  material)  and  the  generator’s  radiofrequencies  are  stored.  In  this  manner  is  determinated  a 
spectrum  of  resonating  radiofrequencies  that  characterize  the  chemical  substance  or  the  biological  material. 
This  spectrum  is  called  as  the  specific  fingerprint  of  this  chemical  substance  or  biological  material.  This 
spectrum  is  registered  at  the  memory  of  the  storing  system  and  transformed  at  different  radiofrequencies  by 
an  appropriate  algorithm.  The  transformed  radiofrequencies  can  be  used  as  input  in  the  field  generator  and 
emitted  back  to  the  target  to  influence  this  chemical  or  biological  material.  The  generator  of 
electromagnetic  fields  used  in  the  current  study  produce  static  electromagnetic  fields  with  the  following 
characteristics:  the  intensity  of  the  electric  field  is  1,1-1,11+0,01  V/m  and  0,0027-0,0029+0,00005  A/m  for 
the  magnetic  field.  The  radiofrequencies  broad  ranged  from  10Hz  to  1MHz.  The  energy  density  of  the 
MCDE  system  generated  electromagnetic  fields  is  approximately  1 OOmW/cm  ’.  The  MCDE  system  [photo 
2]  was  examined  for  its  safety  application  in  animal  and  humans  by  the  National  (Greek)  Center  for 
Scientific  Research  «Demokritos»  (Greek  Department  of  the  International  Committee  of  Atomic  Energy). 
The  MCDE  system  was  found  safe  for  prolonging  exposure  humans,  animals  and  other  living  systems.  The 
MCDE  system  was  placed  inside  a  Faraday  cage,  in  order  not  to  be  affected  by  external  electromagnetic 
fields. 

Results 

Cytotoxicity  of  SNMNA  complex:  SNMNA  complex  is  a  very  cytotoxic  agent  against  LMS  cells  [figure 
1-4].  The  Inhibitory  Concentration  (IC50)  for  this  complex  according  to  these  figures  is  calculated  between 
5  and  20  nM  for  24h,  48h  and  72h.  Minimal  lethal  concentration  (MLC)  of  the  complex  at  24h  ranges 
between  50-75nM,  at  48h  around  75nM  and  at  72h  between  30-40nM.  At  all  time  points  (24h,  48h,  72h) 
there  was  no  significant  different  between  the  values  of  MLC.  Thus,  LMS  cells  seem  sensitive  to  the 
SNMNA  complex  cytotoxic  effects.  The  SNMNA  complex  presents  a  time  depending  cytotoxic  action,  and 
MLC  reaches  minimum  value  at  72h.  At  48h  MLC  value  is  rather  steady  at  75nM  which  can  be  explained 
as  a  cell  homeostasis  adaptation  for  neutralize  the  SNMNA  complex  cytotoxic  effects. 

Synergistic  activity  of  the  complex  and  its  ERFs: 

Considering  data  from  test  lines  El,  E2,  E3,  E4  and  E5  we  can  conclude  that:  1)  LMS  cell  proliferation  rate 
from  24h  to  72h  shows  an  increasing  rate  (control  of  controls  El).  Thus,  LMS  cells  present  high  viability 
during  incubation  without  the  presence  of  a  substance  or  electromagnetic  field  [fig  1,2, 3, 4],  [photo  3], 
2)  LMS  cell  proliferation  rate  (control  E2)  shows  a  slight  decrease.  Cells  seem  to  be  affective  by  stress 
when  they  are  outside  the  incubating  chamber  (45minues/24h)  although  they  continue  to  proliferate  with 
increasing  rates,  3)  LMS  cell  proliferation  rate  at  test  line  E3  is  significantly  lower  compared  with  El  and 
E2.  Proliferation  rate  drop  is  smaller  at  low  concentrations  (1012,  lO'13,  10'1S  M)  [fig  5,7],  [photo  4]  and 
higher  at  high  concentrations  (5x10  y,  20xl0'9,  50xl0'9  M)  [fig  6,8],.  These  data  imply  the  strong  cytotoxic 
activity  of  the  SNMNA  complex,  4)  LMS  cell  proliferation  rate  at  test  line  E4  is  lower  compared  with  El 
and  E2.  Thus,  even  when  the  SNMNA  complex  is  absent  the  exposure  of  the  LMS  cells  to  its  resonance 
frequencies  provokes  the  death  of  the  cancer  cells.  The  electromagnetic  field  exposure  is  more  cytotoxic  in 
comparison  with  the  activity  of  the  SNMNA  complex  at  low  concentrations  (10"12,  lO'13,  10"ISM)  [fig  5,7]. 
At  higher  concentrations  (5xl0‘9,  20xl0"9,  50xl0'9  M)  [fig  6,8]  the  fields  shows  smaller  cytotoxic  activity 
than  the  SNMNA  complex,  5)  LMS  cell  proliferation  rate  at  test  line  E5  is  significantly  lower.  The 
decrease  of  the  proliferation  rate  is  the  highest  among  the  test  lines  [fig  5, 6,7, 8]  especially  at  48h  and  72h. 
In  contrast  a  small  increase  is  observed  at  24h  in  relation  with  E2  test  line  and  El  (smaller  than  E2),  [photo 
5].  The  decrease  of  the  proliferation  rate  observed  by  simultaneous  administration  of  the  lowest  SNMNA 
complex  concentration  (1018  M)  and  the  exposure  to  its  electromagnetic  radiofrequencies  is  the  highest 
among  the  other  low  concentrations  ( 10“12,  10"15  M)  with  the  presence  of  the  electromagnetic  field  [Table 
1,2],  There  is  a  54,79%  (72h)  [Table  1]  decrease  of  the  proliferation  rate  of  E5  (C=10'1!<  and  10 
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radiofrequencies)  and  51,35%  (72h)  [Table  1]  decrease  of  the  proliferation  rate  of  E5  (C=1018  and  328 
radiofrequencies),  in  comparison  to  E2.  This  result  indicates  a  synergistic  effect  on  LMS  cells  between  the 
SNMNA  complex  and  its  electromagnetic  radiofrequencies.  The  decrease  of  the  LMS  cell  proliferation  rate 
is  related  to  the  exposure  time  rather  than  the  number  of  frequencies  used  in  each  group. 


Figl.  Viability  of  LMS  cells  after  24  hours  of  incubation  at 
increasing  concentrations  of  SNMNA  complex 
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fig  1  :  We  measure  the  viability  of  LMS  cells  after  24  hours  of  incubation  at  increasing  concentrations 
(0,5x1 0"9  M,  0,75xl0'9  M,  lxlO'9  M,  5xl0'9  M,  20xl0'9  M,  50xl0'9  M,  75xl0'9  M,  lOOxlO'9  M,  125xl0'9 
M,  150xl0"9  M,  200  xlO"9  M,  250  xlO'9  M)  of  SNMNA  complex. 


Fig  2.  Viability  of  LMS  cells  after  48  hours  of  incubation  at  increasing 
concentrations  of  SNMNA  complex 


fig  2  :  We  measure  the  viability  of  LMS  cells  after  48  hours  of  incubation  at  increasing  concentrations 
(0,5xl0"9  M,  0,75xl0'9  M,  lxlO'9  M,  5xl0'9  M,  20xl0'9  M,  50xl0'9  M,  75xl0'9  M,  lOOxlO'9  M,  125xl0'9 
M,  150xl0"9  M,  200  xlO"9  M,  250  xlO'9  M)  of  SNMNA  complex 


Fig  3.  Viability  of  LMS  cells  after  72  hours  of  incubation  at 
increasing  concentrations  of  SNMNA  complex 
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fig  3  :  We  measure  the  viability  of  LMS  cells  after  72  hours  of  incubation  at  increasing  concentrations 
(0,5xl0"9  M,  0,75xl0'9  M,  lxlO'9  M,  5xl0'9  M,  20xl0'9  M,  50xl0'9  M,  75xl0'9  M,  lOOxlO'9  M,  125xl0'9 
M,  150xl0"9  M,  200  xlO"9  M,  250  xlO'9  M)  of  SNMNA  complex 
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fig  4  :  Wistar  rat  LMS  cells  percentage  proliferation  after  24,48,72  hours  of  incubation  at  increasing 
concentrations  (0,5xl0-9  M,  0,75xl0'9  M,  lxlO-9  M,  5xl0-9  M,  20xl0'9  M,  50xl0'9  M,  75xl0-9  M,  100x10^ 
M,  125xl0"9  M,  150xl0"9  M,  200  xlO'9  M,  250  xlO-9  M)  of  SNMNA  complex  (collective  results) 


fig  5:  In  this  one  we  measure  the  variation  of  LMS  cells  viability  in  the  five  assays  groups  (El,  E2,  E3,  E4, 
E5)  after  24,48  and  72  hours  of  incubation.  1st  group  of  low  concentrations  (1012  M,  10"13  M,  10'18  M)  and 
1 0  radiofrequencies 


fig  6:  We  measure  the  variation  of  LMS  cells  viability  in  the  five  assays  groups  (El,  E2,  E3,  E4,  E5)  after 
24,48  and  72  hours  of  incubation.  2nd  group  of  high  concentrations  (5xl0‘9  M,  20xl0'9  M,  50xl0'9  M)  and 
10  radiofrequencies. 
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fig  7:  We  measure  the  variation  of  LMS  cells  viability  in  the  five  assays  groups  (El,  E2,  E3,  E4,  E5)  after 
24,48  and  72  hours  of  incubation.  1st  group  of  low  concentrations  (10''i2  M,  10'13  M,  10'18  M)  and  328 
radiofrequencies 


fig  8:  We  measure  the  variation  of  LMS  cells  viability  in  the  five  assays  groups  (El,  E2,  E3,  E4,  E5)  after 
24,48  and  72  hours  incubation.  2nd  group  of  high  concentrations  (5xl0'9  M,  20xl0'9  M,  50xl0‘9  M)  and 
328  radiofrequencies. 


Photo  1:  Formula  and  stmctural  characteristics  of  the  SNMNA  complex. 


Photo  2:  The  MCDE  system  in  Faraday  cage. 
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Photo  3:  El  assay  (control  of  the  controls).  The  LMS  cells  was  confluent. 


Photo  4:  E3  assay  (substance  activity).  Decrease  of  LMS  cell  population  after  72  h  incubation  at  10‘ls  M  of 
SNMNA  complex. 


Photo  5:  E5  assay  (simultaneous  activity  of  the  SNMNA  complex  and  the  electromagnetic  field). 
Synergistic  decrease  of  LMS  population  after  72  h  incubation  at  10'iS  M  of  SNMNA  complex  and  3x45 
min  total  exposure  at  the  electromagnetic  field. 


(L+10) 

10‘-M 

28,43 

-15,96 

-32,33 

1015M 

0,90 

-31,19 

-36,09 

101sM 

-5,68 

-42,98 

-54,79 

(L+328) 

io12m 

18,32 

2,99 

-8,37 

io15m 

48,85 

0,69 

-50,13 

io18m 

1,15 

-48,05 

-51,35 

Table  1:  Shows  the  time  dependent  declination  of  LMS  cell  proliferation  in  low  concentrations  (10‘12  M, 
Hf1'  M,  10  IS  M)  of  SNMNA  complex.  The  decrease  of  the  LMS  cell  proliferation  is  independent  to  the 


number  of  radiofrequencies.  The  lowest  concentration  (10'18  M)  shows  the  highest  cell  proliferation 
decrease.  The  table  shows  the  percentage  LMS  cell  proliferation  (E5  in  comparison  with  E2  assay). 


(H+10) 

5nM 

-22,34 

-35,44 

-27,55 

20nM 

-41,08 

-43,04 

-44,60 

50nM 

-94,64 

-100,00 

-100,00 

(H+328) 

5nM 

-25,98 

-31,30 

-27,02 

20nM 

-36,33 

-39,23 

-40,15 

50nM 

-91,63 

-100,00 

-100,00 

Table  2:  Shows  the  time  dependent  declination  of  LMS  cell  proliferation  in  high  concentrations  (5xl0‘9  M, 
20xl0‘9  M,  50xl0'9  M)  of  SNMNA  complex.  The  accumulative  decrease  (SNMNA 
conrplex+electromagnetic  field)  is  minor  in  comparison  with  results  in  table  1.  The  prevalence  of  SNMNA 
complex  concentration  on  the  electromagnetic  field  effects  is  obvious.  The  table  shows  the  percentage  LMS 
cell  proliferation  (E5  in  comparison  with  E2  assay). 

Discussion 

We  have  studied  the  effects  of  the  SNMNA  complex  on  a  Wistar  rat  LMS  cancer  cell  line.  We  also  studied 
if  it  is  possible  to  modify  the  cytotoxicity  of  the  SNMNA  complex  using  electromagnetic  fields  at 
radiofrequencies  of  the  complex  resonance  spectrum.  SNMNA  complex  is  a  strong  cytotoxic  agent  on  LMS 
cancer  cells  in  vitro  [11,12,13].  Mercaptonicotinic  acid  is  an  essential  moiety  of  the  complex  and  it  is 
possible  to  act  as  anti-metabolite.  Nicotinic  acid  participates  in  coenzymes  (NAD+,  NADP+),  which  take 
place  as  reduced  equivalents  carriers  in  glycolysis  pathway  and  Krebs  cycle  in  cancer  cells  [25],  Thus, 
nicotinic  acid  seems  as  a  very  important  agent  at  energy  production  of  tumors  energetic  metabolism  [25]. 
Mercaptonicotinic  acid  of  the  SNMNA  complex  may  compete  nicotinic  acid  coenzymes  in  the  above 
metabolic  energy  production  pathways.  The  used  LMS  cells,  such  as  other  cancer  cell  types,  seem  to 
produce  energy  by  glycolytic  pathway  [26,27,28,29,30,31,32],  This  point  has  been  shown  by  preliminary 
experiments  in  which  the  LMS  cells  are  very  sensitive  to  iodoacetic  acid  [31,32],  Iodoacetic  acid  is  a  strong 
inhibitor  of  the  glyceraldehyde-3 -phosphate  dehydrogenase  [29],  This  enzyme  plays  a  critical  role  for  the 
whole  glycolytic  pathway  and  so  the  ATP  glycolytic  production  stops  by  inhibiting  this  enzyme  [33].  The 
SNMNA  complex  acts  in  very  low  concentrations  lower  than  the  iodoacetic  acid.  On  the  other  hand  the 
SNMNA  complex  is  a  strong  inhibitor  of  the  5-lipoxygenase  [13,14],  Generally  the  lipoxygenase, 
cyclooxygenase  1  and  cyclooxygenase  2  inhibitors  of  synthetic  or  natural  origins  are  still  used  as  anti¬ 
cancer  substances  with  target  action  [34,35],  It  is  possible  that  SNMNA  complex  acts  as  a  non  steroid 
antinflamnration  derivative  (NSAID)  inhibiting  5-lipoxygenase  on  LMS  cells  [13,14],  In  a  recently 
published  work,  we  find  that  the  SNMNA  complex  produces  free  radicals  in  aquatic  solutions  [13,14],  This 
is  verified  from  the  EPR  spectrums  of  the  SNMNA  complex  [13,14],  The  energy  of  electromagnetic  fields 
may  activate  the  electrons  of  the  SNMNA  complex  bonds  causing  electron  excitation.  Exposure  of 
SNMNA  complex  aquatic  solutions  to  UV  radiation  causes  the  immediate  production  of  free  radicals 
[13,14],  The  chemical  reactions  can  be  accelerated  when  an  external  electromagnetic  field  influences  a 
chemical  system  [36,37,38,39].  For  example  the  Belluzov  -  Zhabotinsky  (BZ)  reaction  of  malic  acid 
catalyzed  by  Fe+2  -  Fe+3  ions  (and  not  Ce)  can  be  accelerated  with  the  use  of  a  low  intensity  external 
electromagnetic  field  (0,1  pT)  [37],  Metal  complexes  such  as  SNMNA  complex  can  be  activated  by 
external  electromagnetic  fields.  The  characteristic  (fingerprint)  resonance  radiofrequencies  spectrum  of  a 
substance  can  reduce  the  energy  threshold  activation  of  this  substance  and  catalyse  its  chemical  and 
biological  effects. 
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Abstract 

In  this  study  we  investigated  the  effects  of  low  intensity  static  electromagnetic  field  (EMF)  causing  no 
thermal  effects,  on  leiomyosarcoma  cells  (LSC),  isolated  from  tumors  of  Wistar  rats.  Electromagnetic 
resonance  frequencies  measurements  and  exposure  of  cells  to  static  EMF’s  were  performed  by  a  device 
called  Multi  Channel  Dynamic  Exciter  100  VI  (MCDE).  The  tumors  were  developed  in  the  rats  via  a 
3,4-benzopyrene  injection.  The  LSC  were  exposed  to  electromagnetic  resonance  frequencies  (ERF’s) 
between  10  kHz  to  120  kHz,  for  45  min.  During  a  24h  period,  after  the  exposure  of  the  LSC  to  ERF’s, 
there  was  no  inhibition  of  cells  proliferation.  In  contrast,  at  the  end  of  a  48h  incubation  period,  LSC 
proliferation  dramatically  decreased  by  more  than  98%.  At  that  time,  the  survived  LSC  were  only  2% 
of  the  total  cell  population  exposed  to  ERF’s,  and  under  the  same  culture  conditions  showed  significant 
decrease  of  proliferation.  These  cells  were  exposed  once  again  to  ERF’s  for  45  min  (totally  4  sessions 
of  exposure,  of  45  min  duration  each)  and  tested  using  a  flow  cytometer.  It  was  found  that  45%  of  these 
double  exposed  to  ERF’s,  LSC  (EMF  cells)  were  apoptotic  and  only  a  small  percentage  2%,  underwent 
mitosis.  In  order  to  determinate  their  metastatic  potential,  these  EMF  cells  were  also  counted  and  tested 
by  an  aggregometer  for  their  ability  to  aggregate  platelets  and  found  to  maintain  this  ability.  They 
showed  no  difference  in  comparison  to  the  LSC  not  exposed  to  ERF’s  (control  cells).  In  conclusion, 
exposure  of  LSC  to  specific  ERF’s  decreases  dramatically  their  proliferation  rate  and  induces  a  high 
rate  of  cell  apoptosis.  Also,  the  LSC  that  survived  after  exposed  to  ERF’s,  had  a  lower  proliferation 
rate  compared  to  the  LSC  controls  but  did  not  loose  their  potential  for  metastasis.  The  use  of  specific 
ERF’s  generated  from  the  MCDE  electronic  device,  is  safe  for  humans  and  animals  according  to  the 
international  safety  standards,  and  appropriate  for  the  experimental  treatment  of  cancer  in  vitro  and  in 
vivo. 

Introduction 

There  are  quite  a  few  of  data  on  the  effects  of  electromagnetic  field  (EMF)  on  various  kinds  of 
malignant  cells  in  experimental  animals  and  in  humans,  some  of  them  referring  to  the  application  of 
electromagnetic  resonance  principles  [1,2].  The  main  concepts  expressed  so  far  referring  to  the  effects 
of  EMF  on  malignancies  are:  the  intensity,  frequency  and  duration  of  application  of  the 
electromagnetic  waves.  The  EMF  may  act  as  co-carcinogen  combined  with  the  primary  carcinogen, 
especially  in  experimental  animals  but  can  also  exert  anticarcinogenic  effects,  inhibiting  the 
proliferation  of  malignant  cells  in  vitro  as  well  as  decreasing  the  size  of  the  experimental  tumors  in 
vivo  [3-6].  Studies  of  the  EMF  pro-carcinogenic  effects  in  experimental  animals  are  not  numerous  and 
seem  to  have  many  uncertainties  [3,4].  On  the  contrary,  studies  on  the  EMF  anticancer  effects  are 
abundant  and  their  methodology  is  well  documented  [7].  It  has  been  also  shown,  that  the  cytostatic 
effects  of  the  EMF  on  cancer  cells  are  not  related  to  their  thermal  effects  but  are  temperature- 
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independent  [8-10].  The  purpose  of  the  present  study  is  to  investigate  the  effects  exerted  by  low 
intensity  static  electromagnetic  field  on  a)  the  proliferation  and  the  viability  of  the  leiomyosarcoma 
cells  line  (LSC)  and  b)  the  cell  cycle  of  LSC  and  c)  the  platelet’s  aggregation  from  a  physiological 
agonist  and  LSC  cells. 

Materials  and  methods 

Production  of  leiomyosarcoma  cells  (LSC)  and  smooth  muscle  cells  (SMC):  The  malignant  cells 
were  isolated  from  selected  leiomyosarcoma  tumors  of  Wistar  rats.  Fifteen  (7  male  and  8  female) 
Wistar  rats,  of  the  fifth  generation  of  a  certain  couple,  60  days  old,  were  subcutaneously  injected  in 
their  right  scapula  by  1  ml  of  3,4-benzopyrene  solution  (B[a]P)  in  tricapryline  in  a  dose  of  10.08 
mg/ml.  The  rat  leiomyosarcomatic  tumors  B[a]P  induced  have  the  following  characteristics:  a) 
sensitivity  to  antioxidant  substances  and  free  radical  scavengers  indicating  that  their  proliferation  is 
related  to  the  release  of  reactive  oxygen  species  [11-13],  b)  their  proliferation  can  be  inhibited  via  the 
administration  of  cycloxygenase-2  (COX-2)  and  5-lipoxygenase  (5-LOX)  inhibitors  [14]  and  c)  ability 
to  induce  leiomyosarcoma  tumors  when  inoculated  into  Wistar  rats.  After  110  days  (maximum  135 
days)  of  B[a]P  injection,  all  animals  developed  malignant  tumors  at  the  site  of  injection.  All  tumors 
were  histologically  identified  as  leiomyosarcomas.  The  tumors  were  surgically  removed  and  cut  under 
aseptic  conditions  into  pieces  of  0.5  cm3  in  volume.  Each  piece  was  placed  immediately  in  cold 
Ringer’s  solution  and  sliced  down  again  to  smaller  pieces  (1  mm3).  All  smaller  pieces  were  inserted 
for  5  min  into  5  ml  of  cold  Dulbecco’s  modified  Eagles  medium  (DMEM)  solution  which  contained 
small  quantities  of  trypsin  and  then  these  pieces  were  incubated  in  the  same  DMEM  solution  at  37°  C 
for  4  h,  with  gentle  mixing  every  15  min.  After  incubation  the  DMEM  solutions  containing  the  tumor 
pieces  were  centrifuged  at  900  rpm  for  10  min  and  the  supernatant  was  rejected.  The  remaining  cells 
were  resuspended  in  DMEM+10%  fetal  bovine  serum  (FBS)  solution  and  seeded  in  plastic  coated 
dishes  of  52  mm  in  diameter.  Tumor  cells  after  been  subcultured,  were  examined  histologically  and 
were  characterized  as  leiomyosarcoma  cells.  In  order  to  verify  if  these  LSC  were  active  and  able  to 
induce  the  same  type  of  malignancy  in  rats,  4xl06  of  them  were  suspended  in  Hanks  salt  solution  and 
inoculated  into  every  Wistar  rat  as  follows:  the  animals  were  anaesthetized  with  midazolame  and 
ketamine,  and  a  surgical  opening  was  made  in  their  outer  skin  layer  at  the  middle  of  their  back.  The 
tissue  underneath  was  traumatized  by  lancing  with  a  sharp  blade  in  order  to  bring  fresh  blood  to  the 
surface.  LSC  were  then  aseptically  infused  into  the  operated  area,  and  the  incision  was  immediately 
sutured.  The  animals  developed  medium-sized  malignant  tumors  approximately  12  cm3  in  volume, 
within  the  first  10  days  after  inoculation.  Smooth  muscle  cells  (SMC)  were  isolated  from  the  aorta  of 
Wistar  rats  and  cultured  again  by  the  methods  described  above.  The  animal  experimentation  performed 
according  to  the  European  Community  Directives  and  International  Legacy  for  the  animal  protection. 
All  the  in  vivo  experiments  were  accomplished  according  to  the  European  Union  Directive  for  the 
Protection  of  Vertebrate  Animals  Used  for  Experimental  and  other  Scientific  Purposes  (86/609/EEC, 
article  9  §§1,2). 

Electromagnetic  field  equipment:  Electromagnetic  resonance  frequencies  measurement  and  exposure 
of  cells  to  static  EMF’s  were  performed  by  a  device  called  Multi  Channel  Dynamic  Exciter  100  VI 
(MCDE)  invented  by  K.  Havelas  [17].  The  MCDE  has  been  certified  by  the  Greek  National  Centre  for 
Scientific  Research  “Democritos”  and  its  Department  of  International  Committee  of  Atomic  Energy  for 
its  safe  use  in  humans  and  animals.  This  device  is  consisted  of  two  basic  parts:  A)  an  electromagnetic 
field  generator  of  various  intensities.  The  range  intensities  for  the  electrical  field  are  1.1  to  1.11  +  0.01 
V/m  and  for  the  magnetic  field  are  0.0027  to  0.0029  +  0.00005  A/m.  The  radiofrequencies  which 
generate  from  MCDE  system  range  of  10  Hz  to  1  MHz.  The  power  density  of  the  electromagnetic  field 
is  100  mV/cm3  approximately,  B)  an  electron  paramagnetic  resonance  spectrometer  with  specific 
characteristics.  This  spectrometer  is  a  scanner -recorder  of  the  ERF’s  emitted  from  biological  systems 
(targets),  such  as  localized  tumors  in  experimental  animal,  or  cultured  cancer  cells,  exposed  to  EMF.  It 
is  well  known  that  the  normal  function  of  any  biological  system  produce  electromagnetic  waves  of 
specific  frequencies  caused  by  cell  electromagnetic  properties  (electric  membrane  potential,  transport 
of  ions  charges  etc).  The  specific  ERF’s  emitted  from  an  EMF  excited  biological  system,  is  recorded  as 
an  electromagnetic  resonance  fingerprint  of  this  system.  This  is  due  to  the  electromagnetic  resonance 
taking  part  between  ERF’s  produced  by  the  generator  and  ERF’s  emitted  from  the  biological  system. 
The  MCDE  is  supported  by  a  sophisticated  software  easy  to  use  (submitted  for  accreditation).  First,  it 
is  necessary  to  record  the  electromagnetic  resonance  fingerprints  emitted  from  the  biological  systems 
(targets).  Then,  by  selecting  the  specific  MCDE’s  programs  of  the  software,  the  appropriate  ERF’s  for 
the  exposure  of  the  target  are  calculated  and  then  are  emitted  to  the  target. 

Estimation  of  leiomyosarcoma  cells  and  smooth  muscle  cells  electromagnetic  resonance 
frequencies:  Electromagnetic  resonance  fringerprintings  of  LSC  and  SMC  were  recorded  before  and 
after  their  exposure  to  EMF  (10  Hz-1  MHz).  The  ERF’s  of  LSC  electromagnetic  resonance  fingerprints 
are  modulated  using  the  software  and  after  that,  the  cancer  cells  are  exposed  to  these  modulated 
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electromagnetic  fingeprintings  for  45  min.  The  cell  proliferation  and  cell  morphology  were  checked 
every  24  h.  A  total  of  492  different  frequencies  emitted  from  LSC  cells  were  recorded  (fig  5). 

Method  of  leiomyosarcoma  cells  and  smooth  muscle  cells  exposure  to  electromagnetic  field 
Leiomyosarcoma  cells  treatment:  Twelve  Petri  dishes  with  10  ml  growth  medium  were  seeded  with 
1x10s  LSC  (zero  time).  The  LSC  cultures  were  incubated  in  37°  C  at  95%  O2+  5%  CO2  atmosphere  for 
48  h.  Then  the  medium  was  replaced  by  10  ml  of  new  DMEM.  At  72  h  from  zero  time,  six  LSC 
cultures  (EMF  cells)  were  placed  into  a  Faraday  apparatus  at  room  temperature  (RT)  and  exposed  to 
modulated  electromagnetic  fingerprints  (from  10  kHz  to  120  kHz  and  intensities  from  1.1  to  1.11  +/- 
0.01  V/m  for  the  electric  field  and  0.0027  to  0.0029+/-0. 00005  A/m  for  the  magnetic  field),  for  45  min. 
A  total  of  492  frequencies  were  used  for  LSC  exposure  to  EMF.  The  used  frequencies  were  derived 
from  a  transformation  of  the  492  frequencies  recorded  as  the  LSC  electromagnetic  fingerprints  (Fig  1) 
by  an  specific  algorithm  [  £f(r)  +  f(em)  =  c,  f(r)  =  registrated  frequence,  f(em)=  emitted  frequence,  c  = 
a  constant  ]  The  other  six  LSC  cultures  (control  cells)  remained  at  RT  for  the  same  time  as  EMF  cells 
but  without  being  exposed  to  EMF.  The  control  and  EMF  cells  were  incubated  once  again  at  the  same 
conditions  as  before,  for  about  seven  hours.  At  79h  and  96h  from  zero  time,  the  cells  of  each  culture 
were  counted,  subcultured  at  about  1x10s  cells  per  plate  and  incubated  at  the  same  as  above  conditions. 
At  120h  from  zero  time,  the  EMF  cells  were  re-exposed  to  EMF  as  before  and  24  h  later,  both  EMF 
and  control  cells  in  each  plate  were  counted  and  examined  microscopically.  Then,  to  examine  their 
proliferation  rate  in  relation  to  time,  both  groups  (EMF  and  control  cells)  were  subcultured  and 
incubated  at  the  same  described  conditions,  in  order  to  estimate  the  time  till  cell  confluence.  The  cells 
were  then  preserved  in  liquid  nitrogen. 

Smooth  Muscle  Cells  treatment:  The  SMC  isolated  from  Wistar  rat  aorta  were  subcultured  in  the 
same  conditions  as  described  above  for  LSC  and  exposed  to  EMF  in  the  same  manner  and  frequencies 
as  rat  LSC. 

Leiomyosarcoma  cells  manipulations:  The  preserved  in  liquid  nitrogen  EMF  and  control  cells  were 
defrost  and  cultured  again  till  cell  confluence.  Twelve  plates  were  then  seeded  with  the  same  number  of 
LSC  and  incubated  for  24  h.  The  EMF  cells  were  again  exposed  to  EMF  for  45  min  after  24  h  and  48  h. 
Six  hours  after  the  last  session,  cell  samples  from  each  plate  were  taken  for  testing  their  cell  cycle 
phases  by  a  flow  cytometer  Bexton  Dickinson  system. 

Estimation  of  platelet  aggregation  ability  of  leiomyosarcoma  cells 

The  potential  for  metastasis  of  the  LSC  was  determined  from  their  ability  to  aggregate  platelets  before 
and  after  their  exposure  to  EMF  using  the  aggregometer  CA-500,  Cronolog,  USA  and  the  Cronolog  kit 
for  platelets  aggregation.  The  Cronolog  kit  was  used  to  verify  the  normal  platelet  responses.  A  total  of 
120  tests  were  performed  on  blood  samples  taken  from  six  healthy  volunteers  who  abstained  from  the 
use  of  drugs  and  alcohol  for  ten  days  before  the  tests.  The  tests  were  performed  in  platelet  rich  plasma 
(PRP)  isolated  from  the  blood  samples  and  prepared  according  to  the  manual  of  the  apparatus.  The 
platelet  aggregation  tests  were  performed  after  the  suspension  of  either  5X105  EMF  cells  or  of  the 
same  number  of  control  cells,  in  PRP. 

Statistics 

Student’s  t-test  was  used  for  the  statistical  evaluation  of  the  results  and  P<0.05  was  considered 
statistically  significant. 

Results 

Cell  proliferation  rate:  Our  results  were  as  follows:  a)  Twenty-four  hours  after  the  first  and  second 
session  of  exposure  to  the  EMF,  the  proliferation  rate  of  the  LSC  was  slightly  decreased,  in  comparison 
to  the  control  cells  proliferation  (P<0.05).  Also  the  microscopic  examination  showed  that  the  highest 
percentage  of  LSC  was  under  stress,  showing  round-shaped  cells  with  abortive  pseudopodia  and 
formation  of  nuclear  membrane  blebs,  b)  The  multiplication  rate  of  the  EMF  exposed  LSC  after  48  h  of 
incubation  was  dramatically  decreased  at  a  percentage  higher  than  98%,  (P<  0,0001  compared  to  the 
control  cells)  and  most  of  the  exposed  malignant  cells  were  found  either  dead  (mainly  apoptotic)  or 
extremely  stressed:  round  shaped  cells,  formation  of  bleeds  in  the  outer  cell  membrane,  absence  of 
pseudopodia  (fig  1)  c)  The  survived  LSC  after  one  session  of  EMF  exposure,  showed  a  great  difficulty 
in  proliferating  according  to  the  time  needed  till  cell  confluence  (6  days  of  incubation)  in  with 
comparison  to  the  time  needed  till  control  cells  confluence  (3  days),  (fig  2).  Also,  the  survived  LSC 
developed  a  remarkable  resistance  to  EMF,  showing  only  20%  decrease  of  cell  proliferation  rate 
compared  to  the  much  higher  decrease  in  proliferation  rate  of  98%,  shown  after  their  first  EMF 
exposure. 

Leiomyosarcoma  cells  distribution  in  the  cell  cycle  phases:  Flow  cytometry  revealed  that  after  the 
fourth  cell  exposure  to  EMF,  33%  of  the  LSC  were  found  to  be  in  G0/G1,  9%  in  S  phase,  2%  in 
mitosis  and  45%  were  undergoing  apoptosis,  while  the  control  cells  were  found  to  be:  36%  in  G0/G1, 
38%  in  S  phase,  19%  in  mitosis  and  2%  undergoing  apoptosis  (Table  1). 
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SMC  viability  after  exposure  to  EMF:  The  SMC  seem  not  to  be  affected  by  electromagnetic  fields 
exposure  at  24  and  48  h  (fig  3).  The  exposed  SMC  have  a  proliferation  rate  10%  lower  than  the  non 
exposed  SMC  (control).  This  difference  is  not  statistically  significant  (P<0,4). 

Estimation  of  sarcoma  cells  “  potential  for  metastasis”  by  platelet  aggregation:  The  aggregation 
ability  of  the  control  as  well  as  of  the  exposed  to  EMF  cells,  was  78%,  and  almost  equal  to  the  ability 
to  aggregate  of  the  ADP  (82%).  According  to  the  above,  LSC  exposure  to  EMF  did  not  affect 
significantly  the  “potential  for  metastasis”  of  LSC  (  fig  4). 

Estimation  of  cell  electromagnetic  resonance  -  frequencies:  Electromagnetic  resonance  frequencies 
of  the:  a)  unexposed  to  EMF  LSC  were  ranging  between  10.5  to  120.5  kHz,  b)  exposed  to  EMF  LSC, 
between  10  to  120  kHz  and  c)  SMC  between  10  to  120  kHz.  Spectrum  analysis  of  the  above 
estimations  revealed  that  the  electromagnetic  resonance  frequencies  of  LSC  exposed  to  EMF  showed 
significant  differences  as  compared  to  those  of  the  unexposed  LSC  (control  cells)  presenting  an  almost 
70%  similarity  to  the  electromagnetic  resonance  frequencies  recorded  from  the  SMC  (data  not  shown). 


Fig  1 .  The  viability  of  the  EMF  exposed  LSC  after  48  h  of  incubation  was  dramatically  decreased  at  a 
percentage  higher  than  98%,  (P<  0,0001  compared  to  the  control  cells) 


Fig  2.  The  survived  LSC  after  one  session  of  EMF  exposure,  showed  a  significant  difficulty  in 
proliferating  according  to  the  time  needed  till  cell  confluence  (6  days  of  incubation)  in  with  comparison 
to  the  time  needed  till  control  cells  confluence  (3  days) 
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Fig  3.  Viability  of  Smooth  Muscle  Cells  (SMC)  non  exposed  and  exposed  to  the  EMF. 


HOURS  OF  INCUBATION 


19  SMC  control  □  SMC  Exposed 


Fig. 3  :  Viability  of  Smooth  Muscle  Cells  (SMC)  not  exposed  and  exposed  to  EMF.  The  non  exposed 
SMC  have  a  rate  of  growth  10%  larger  from  the  exposed  ones  [P<  0,4]. 


Fig. 4.  Platelet  aggregation 


Fig  4.  LSC  exposure  to  EMF  did  not  affect  significantly  the  capacity  of  LSC  to  aggregate  human 
platelets.  PLT  :  resting  platelets,  LMC  :  platelet  aggregation  LMC  induced,  EXP-LMC:  platelet 
aggregation  induced  by  exposed  LMC,  ADP:  control  of  platelet  aggregation  by  ADP  as  agonist. 


Fig  5.  The  LMC  cell  electromagnetic  fingerpint 


Fig  5.  The  fingerprint  spectrum  of  492  frequencies  emitted  from  leiomyosarcoma  cells  of  Wistar  rat 
after  an  accurate  registration  by  the  resonating  system  of  the  MCDE  apparatus 
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Table  1  :  Flow  cytometry  for  non  exposed  and  exposed  to  EMF  sarcoma  cells . 

The  percentage  of  apoptotic  nucleus  in  the  group  of  control  cells  is  very  low  (1,79  %)  when  the 
percentage  of  apoptotic  nucleus  in  the  group  of  exposed  cells  to  EMF  is  much  greater  ( 45,34  %) . 


Control  ( non  exposed  sarcoma  cells) 

Marker  Left  Right  Events  %  Gated  Total 

All  0  1023  9461  100.00  49,07 

Ml  26  149  169  1,79  0,88 

M2  15  242  3366  35,58  17,46 

M3  262  386  35,49  37,51  18,41 

M4  391  565  1774  18.75  9.20 

G0/G1 : 35,58%,  S :  37,51% ,  G2/M :  18,75% , 

Apoptosis :  1,79% 


Exposed  sarcoma  cells  to  EMF 


Apoptosis :  45,34% 


Total 

17,89 

8,11 

5,94 

1,67 

029 


Exposed  sarcoma  cells  to  EMF 
Marker  Left  Right  Events  %  Gated 


All  0  1023 

Ml  26  149 

M2  159  242 

M3  262  386 

M4  391  565 


13232  100,00 

5999  45,34 

4396  33,22 

1232  9,31 

217  1,64 


G0/G1 : 33,22%,  S :  9,31%,  G2/M  :  1,61% , 
Apoptosis :  45,34% 


o  JANNE  TEST  30-3  04.007 

- 
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Discussion 

Our  findings  indicate  that  high  growth  inhibition  of  LSC  of  more  than  95%  can  be  accomplished  by  the 
applying  an  EMF  according  to  electromagnetic  resonance  principles.  The  results  of  this  study  reinforce 
the  other  authors  findings  on  the  proliferation  inhibition  and  on  the  significant  morphological 
alterations  of  human  melanoma  cell  lines  exposed  to  low  power  electromagnetic  waves  of  50-80  GHz 

[15]  and  also  on  the  apoptotic  effects  of  static  EMF  of  1.95  GHz  on  human  epidermoid  cancer  cells 

[16] .  In  the  present  study  antiproliferative  and  apoptotic  effects  have  been  achieved  by  exposing  LSC 
to  a  static  EMF  of  low  energy  waves  and  frequencies  between  10  kHz  to  120  kHz.  This  field  is  far 
lower  in  frequency  and  in  power  than  the  upper  limit  of  permitted  exposure  (power:  200m  Watt/cm3), 
being  thus,  safe  for  use  in  animals  and  humans  [17].  It  is  also  evident  from  the  literature,  that  the  EMF 
effect  is  dependent  on  immediate  interactions  that  affect  the  electronic  spin  of  the  atoms  or  molecules 
with  uncoupled  electrons  in  their  external  orbit,  enhancing  electron  spin  coupling;  thus  may  help  the 
neutralization  of  free  radicals,  especially  those  produced  by  the  activation  of  arachidonic  acid  cascades 
[14,16,18-21].  It  is  also  known  that  the  EMF  induce  free  radicals  production  that  may  act  as  activators 
of  signal  transduction  pathways  [10,19,20].  According  to  the  above,  it  is  possible  that  the  effects  of 
these  EMF,  could  be  similar  to  the  effects  of  antioxidants  and  free  radical  scavengers  on  LSC  lines. 
The  high  percentage  of  the  exposed  LSC  found  in  apoptosis  (45%)  in  comparison  to  that  of  the 
unexposed  to  EMF,  control  cells  (2%),  could  be  explained  as  the  effect  of  the  EMF’s  on  cellular 
membranes  activating  signal  transduction  pathways  leading  to  genes  expression  of  cell  apoptosis 
[5,7,16,22]  or  to  inactivation  of  anti-apoptotic  genes  [15].  The  low  percentage  of  cells  found  in 
synthesis  and  in  mitosis  (9%  and  2%  respectively)  compared  to  that  of  the  control  cells  (38%  and  19% 
respectively),  indicates  that  radiofrequency  of  the  EMF  can  act  as  cell  cycle  inhibitor,  similarly  to  the 
effect  of  magnetic  field  on  DNA  synthesis  [23,24,7].  There  is  also  evidence  that  exposure  to  the  EMF 
may  reduce  the  immunoreactive  p53  expression  in  tumor  bearing  mice  [19],  which  has  been  found 
increased  in  BaP -induced  leiomyosarcomas  in  Wistar  rats  [25].  The  lower  sensitivity  of  LSC  after  their 
fourth  exposure  to  ERF’s,  compared  to  their  higher  sensitivity  after  the  first  exposure,  indicates  that 
LSC  may  have  developed  some  type  of  resistance  to  EMF.  Our  finding,  that  the  electromagnetic 
resonance  fingerprints  of  LSC  changed  after  their  exposure  to  EMF  and  resembled  to  that  of  the  SMC, 
may  indicate  that  some  differentiation  in  the  LSC  function  has  taken  place.  This  differentiation  is 
supported  by  our  -yet  unpublished-  data  indicating  that  the  EMF  treated  LSC,  after  being  inoculated  to 
Wistar  rats,  retard  the  tumor  development  or  even  fail  to  develop  tumor,  in  contrary  to  inoculated  but 
unexposed  to  EMF  LSC  that  develop  tumors  in  a  100%  of  the  experimental  animals.  There  are  also 
bibliographic  references  indicating  that  the  EMF,  specific  or  generalized  is  able  to  induce 
differentiation  of  cancer  and  non  cancer  cells  [26,27].  Nevertheless,  the  LSC  exposed  to  the  EMF  seem 
to  retain  their  potential  for  metastasis  as  they  can  still  aggregate  platelets.  It  must  be  emphasized  that 
for  the  first  time  a  low  intensity  EMF  has  been  used  and  it  is  essential  that  this  EMF  is  carefully 
designed  on  the  basis  of  the  emitted  electromagnetic  frequencies  from  the  target  cells,  in  order  to  be 
effective.  Also,  the  intensity  of  the  electric  field  we  used  was  75  times  lower  and  the  intensity  of  the 
magnetic  field  was  more  than  1800  times  lower  than  the  average  of  the  international  safety  standards 
according  to  the  National  Centre  for  Physical  Sciences  of  Greece  (“Demokritos”,  Athens  Greece)  [17]. 
Because  of  that,  the  use  of  this  electronic  device  for  the  treatment  of  cancer  cells  seems  to  be  safe. 
Unpublished  data  of  ours,  from  the  follow  up  of  tumor-bearing  animals  and  cancer  patients  treated  with 
EMF  by  the  above  method,  confirm  the  above.  Our  data,  concerning  the  changes  of  LSC 
electromagnetic  resonance  fingerprints  after  repeated  exposures  to  EMF,  indicate  that,  in  order  to  affect 
the  cells  functions,  it  is  crucial  to  make  regular  readjustments  of  the  electromagnetic  resonance 
fingerprints,  in  order  to  differentiate  the  LSC  phenotype  to  a  phenotype  with  an  electromagmetic 
resonance  fingerprinting  as  close  as  possible  to  that  of  the  normal  cells  (SMC).  In  this  case,  the  LSC 
should  loose  their  malignant  phenotype,  so  that  their  inoculation  to  Wistar  rats  could  not  cause 
malignant  disease.  Experiments  going  on,  in  our  lab,  seem  to  confirm  this  hypothesis. 
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Abstract 

One  of  the  most  used  photosensitizer  in  photodynamic  therapy  of  cancer  is  the  aminolevulinic  acid  (ALA),  a 
precursor  in  synthesis  of  protoporphyrin  IX  (PpIX).  One  of  the  disadvantages  using  this  photosensitizer  is  the 
small  rate  of  ALA  uptake  of  the  cells.  Our  work  aim  was  to  increase  by  electroporation  the  PpIX  level  in  ALA 
treated  cells.  Electroinduced  pores  in  membrane  would  facilitate  an  enhanced  uptake  rate  of  ALA  forcing  an 
increased  level  of  PpIX  and  consequently  a  better  efficiency  of  ALA  photodynamic  therapy.  B16F10 
melanocytes  cultures  were  incubated  with  1  mM  ALA  for  4  h  and  PpIX  level  was  monitored  by  the  fluorescent 
emission  at  635  nm.  The  viability  of  cells  was  analysed  by  MTT  test.  The  electroporation  of  cells  in  the  presence 
of  ALA  was  done  with  exponential  decay  electric  pulses  in  the  range  of  500-4500  V/cm,  100  ps,  1-4  pulses.  In 
the  control  experiment  (without  electroporation)  a  rate  of  PpIX  production  comparable  with  results  in  literature 
was  obtained.  Exposing  the  ALA  treated  cell  cultures  to  light  (633  nm)  for  various  periods  the  apoptosis  or 
necrosis  of  cells  was  triggered.  This  observation  was  confirmed  by  the  results  of  cells  viability  tests.  The 
electroporation  of  cells  in  the  presence  of  ALA  did  not  show  significantly  increase  the  cellular  PpIX  level.  In 
conclusion  our  in  vitro  preliminary  results  did  not  supply  evidences  that  the  electroporation  of  cells  can  be  a  way 
to  improve  the  ALA  uptake  of  the  cells  and  consequently  to  improve  the  efficiency  of  photodynamic  therapy 
with  ALA. 


Introduction 

Photodynamic  therapy  (PDT)  concept  is  based  on  a  combined  effect  of  the  light  and  chemicals.  A  photosensitive 
chemical  species  incorporated  into  cell  and  afterwards  exposed  to  irradiation  with  light  of  appropriate 
wavelength  produces  very  reactive  chemical  radicals  which  are  able  to  trigger  the  apoptosis  or  necrosis  of  the 
cell.  This  type  of  therapy  was  proposed  as  an  alternative  to  classical  surgical  techniques.  The  photosensitive 
molecules  can  be  an  exogenous  (an  appropriate  techniques  has  to  be  used  to  uptake  this  molecules  by  the  cell)  or 
an  endogenous  one  as  protoporphyrin  IX  (PpIX).  5 -aminolevulinic  acid  being  a  precursor  of  PpIX  is  one  of  the 
most  used  chemical  in  PDT.  ALA  is  an  endogenous  precursor  of  PpIX.  In  normal  conditions  the  rate  of  PpIX 
synthesis  is  regulated  by  means  of  a  negative  feedback  loop  limiting  in  this  way  the  level  of  endogenous  ALA. 
An  enforced  uptake  of  ALA  allows  overcoming  this  limiting  mechanism  resulting  in  an  increased  rate  of  PpIX 
production  by  the  cells.  PpIX  absorption  spectrum  shows  a  high  peak  located  635  nm  (Ma  et  al,  2001).  Under  the 
light  irradiation  the  PpIX  produces  several  photo-induced  products  having  as  final  results  an  unbalanced 
oxidative  status  of  the  cell.  As  a  consequence  the  cell  triggers  the  apoptosis  program.  The  technique  was 
successfully  used  in  in  vitro  and  in  vivo  experiments. 

The  main  disadvantage  of  this  ALA-PDT  method  is  the  limiting  step  of  ALA  incorporation  into  the  cell.  ALA  is 
a  hydrophilic  molecule  and  consequently  has  a  very  low  diffusion  coefficient  through  the  membrane  lipid 
bilayer.  There  are  several  reports  concerning  the  mechanism  of  ALA  uptake  through  the  cell  membrane.  Mainly 
two  paths  are  proposed:  (i)  the  passive  diffusion  which  would  be  important  only  during  a  short  period  of 
incubation,  till  15  min  (Bermudez  Moretti  et  al,  2002)  and  (ii)  an  active  mechanism  mediated  by  a  BETA  family 
transporter  (Rud  et  al,  2000;  Bermudez  Moretti  et  al,  2002). 

An  alternative  proposed  to  improve  the  rate  of  ALA  influx  is  the  cell  electroporation.  The  action  of  a  short 
electric  pulse  of  appropriate  amplitude  is  able  to  produce  a  reversible  permeabilisation  of  the  membrane.  During 
this  state  the  exogenous  molecules,  for  which  normally  the  membrane  is  not  permeable,  can  pass  through  the 
membrane  barrier  by  diffusion.  In  cancer  therapy  the  technique  was  successfully  used  to  improve  the  efficiency 
of  cytostatics  (Orlowski,  Belehradek  et  al.,1988).  A  derived  method  is  the  transdermal  electroporation.  The 
electric  pulses  are  applied  across  the  dermal  layer  increasing  the  diffusion  of  drugs  through  it.  This  method  was 
proposed  to  improve  the  efficiency  of  ALA  -  PDT  when  ALA  is  topically  applied  (Johnson  et  al,  2002)  and  an 
increase  of  transdermal  transport  rate  was  reached. 
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In  this  report  we  present  our  preliminary  results  concerning  the  possibility  to  use  the  electroporation  at  the  cell 
level  in  order  to  increase  the  uptake  of  ALA  and  consequently  the  production  of  PpIX. 


Materials  and  Methods 

B16F10  murine  metastatic  melanoma  cells  were  used  as  biological  experimental  object.  They  were  cultured  in  3 
cm  Petri  dishes,  at  37°C,  5%  CCL,  in  Dulbecco’s  MEM  (Gibco)  supplemented  with  10%  foetal  calf  serum 
(Gibco),  100  units/ml  of  penicillin  and  100  pg/ml  of  streptomycin  (BioClone).  The  B16F10  cell  line  was  kindly 
provided  by  Dr.  L.M.Mir,  Gustave-Roussy  Institute  (Villejuif),  France. 

lmM  ALA  (Sigma)  was  added  in  the  fresh  Dulbecco’s  MEM  medium  without  foetal  calf  serum  and  without 
phenol  red  (Gibco)  and  the  cells  were  incubated  with  at  37°C  for  4  hours.  A  longer  ALA  incubation  period  did 
not  increase  the  PpIX  production  (data  not  shown).  After  this  incubation  the  ALA-treated  cells  were  harvested 
by  mild  trypsination  and  the  level  of  PpIX  was  measured  by  fluorescence.  The  PpIX  excited  at  510  nm  has  two 
emission  peaks  at  635  and  706  nm  (Orenstein  et  al,  1997).  The  emission  spectrum  in  the  range  of  600  -  750  nm 
was  recorded  in  a  SPEX  spectrofluorometer.  The  intensity  at  635  nm  was  considered  as  a  measure  of  PpIX 
production. 

In  order  to  produce  the  photo-degradation  of  PpIX  the  cells  attached  to  Petri  dishes  and  incubated  with  ALA, 
were  exposed  to  red  He-Ne  laser  beam  (power  at  the  level  of  the  dish  surface  was  16  mw)  expanded  by  a  simple 
lens  system  to  cover  the  all  dish  surface.  After  different  exposure  durations  (4-35  min)  the  cells  were  harvested 
by  mild  trypsination  and  the  fluorescence  spectrum  recorded. 

The  level  of  toxic  photo-induced  products  was  evaluated  using  the  MTT  cell  viability  test  after  exposure  to  laser 
beam.  The  cells  were  seeded  at  appropriate  concentration  on  a  96wells  plate  for  24h,  than  incubated  for  4  h,  at 
37°C,  with  0.5mg/ml  thiazolyl  blue  tetrazolium  bromide  (TBTB,  Sigma).  The  viable  cells  are  transforming  the 
TBTB  into  coloured  formazan  precipitate.  The  production  of  formazan  was  quantified  using  a  spectrophotometer 
plate  reader  (Awarness). 

The  cell  suspension  electroporation  was  done  using  an  Eppendorf  electroporator.  The  suspension  medium  was 
the  same  as  Eppendorf  recommended.  An  exponential  electric  pulse  (time  constant  of  100  ps)  was  applied 
between  the  electrodes  of  an  electroporation  cuvette  (BioRad)  where  the  cell  suspension  was  introduced.  The 
electric  field  intensity  ranged  from  0.5  to  6  kV/cm.  In  order  to  evaluate  the  efficiency  of  electroporation  the 
uptake  of  a  membrane  impermeable  molecule  (ethidium  bromide,  EB)  was  followed.  The  dye  was  added  to  the 
cell  suspension  just  before  the  electroporation.  The  labelled  cells  were  counted  under  a  fluorescence  microscope 
(Zeiss  Axiovert  200)  equipped  with  an  appropriate  filter  set  and  the  percentage  of  the  coloured  cells  was 
calculated.  To  evaluate  the  cells  ‘death’  (at  high  electric  field  intensity  a  large  number  of  cells  die)  the  EB  was 
added  to  the  electroporated  cell  suspension  after  10  min.  It  was  considered  that  during  this  period  the 
permeability  membrane  of  surviving  cells  was  recovered  and  only  the  irreversible  permeabilized  cells  will 
uptake  the  dye. 


Figure  1 .  Fluorescence 
spectra  of  cells  incubated 
with  ALA,  1  mM,  4 
hours  (ALA)  and  without 
ALA  (Control).  X,ex  =  510 
nm 
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Results  and  Discussions 

The  cells  incubated  with  ALA,  1  mM,  4  hours,  had  a  strongly  increase  of  PpIX  production  (fig.  1).  The  spectrum 
is  very  similar  with  other  reported  results  (Orenstein  et  al,  1997;  Dysart  and  Patterson,  2006)  and  two  peaks  can 
be  observed  at  635  nm,  the  main  one,  and  at  706  nm.  In  contrast,  the  control  cells  (without  ALA)  did  not  present 
observable  levels  of  PpIX. 

The  effect  of  light  irradiation  on  cells  incubated  with  ALA  was  revealed  by  means  of  decrease  of  PpIX  level  in 
cells  after  irradiation  (fig.  2).  The  PpIX  level  decreases  with  irradiation  time  confirming  other  results  reported  in 
the  literature  (Orenstein  et  al,  1997).  Plotting  the  maximal  intensity  at  635  nm  against  irradiation  time  a  linear 
decrease  of  PpIX  level  in  irradiated  cells  can  be  observed  (fig  3).  Over  35  min  of  irradiation  the  fluorescence 
intensity  at  635  decrease  much  slowly  suggesting  a  saturation  of  the  process  (data  not  shown). 


Figure  2.  Fluorescence 
spectra  of  cells  incubated 
with  ALA,  1  mM,  4 
hours  (ALA)  and 
irradiated  with  red  laser 
light  (633  nm)  for 
different  periods.  7ex  = 
510  nm. 
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Figure  3.  Fluorescence 
intensity  at  635  nm  (7ex  = 
510nm)  of  cells 
incubated  with  ALA, 
ImM,  4  hours  and 
irradiated  with  red  laser 
light  (633  nm)  for 
different  periods. 
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In  order  to  check  the  effects  of  irradiation  on  the  viability  of  the  cells  the  MTT  test  was  applied.  Four  variant  of 
cell  cultures  were  tested:  a  control  consisting  in  cells  without  ALA,  a  second  control  without  ALA  but  irradiated 
at  633  nm,  a  non-irradiated  but  ALA  incubated  culture  cells  and  a  culture  cells  incubated  with  ALA  and 
irradiated  with  633  nm  laser  light.  The  period  of  irradiation  was  30  min.  ALA  incubation  was  performed  as 
above.  The  results  are  in  presented  in  Figure  4.  The  red  light  irradiation  and  ALA  incubation  did  not  affect  the 
viability  of  cells  with  respect  to  the  controls.  Only  the  cells  incubated  with  ALA  and  irradiated  with  red  light 
show  more  than  two  times  smaller  viability.  This  experiment  actually  proves  the  fact  that  our  experimental 
conditions  are  appropriate  for  an  in  vitro  experiments  revealing  the  presence  of  photo-induced  products  in  ALA 
incubated  cells  and  irradiated  with  red  light. 


Figure  4.  Viability  of  the 
cells  evaluated  by  MTT 
test:  C  -  control,  C-I  - 
control  cells  irradiated 
with  red  light,  ALA  - 
ALA  incubated  cells, 
ALA-I  -  ALA  incubated 
cells  and  irradiated  with 
red  light. 


In  order  to  find  out  the  optimal  conditions  for  the  electroporation  a  range  from  0.5  to  6  kV/cm  was  used.  One 
exponential  pulse  (time  constant  of  100  ps)  was  applied  to  the  cell  suspension  with  or  without  EB.  The  results 
are  in  Figure  5.  At  low  level  of  electric  field  intensity  a  rapid  increase  of  porated  cells  percentage  is  observed 
reaching  a  plateau  for  higher  values  of  electric  field.  On  the  other  hand,  at  low  field  intensity  the  viability  of  cells 
is  very  close  to  maximum  (100%)  and  decreases  when  the  electric  field  increases.  For  medium  values  of  the  field 
intensity  (between  2  and  4  kV/cm)  the  cells  have  simultaneously  a  maximal  level  of  poration  and  of  viability. 
Considering  the  conditions  of  minimal  stress  for  the  cells  we  used  in  our  experimental  trials  to  increase  the 
uptake  of  ALA  in  the  cells  by  electroporation  the  following  electric  conditions:  one  exponential  pulse  of  2 
kV/cm  and  100  ps  time  constant. 

After  all  these  preparatory  experiments  which  allow  us  to  have  proper  conditions  to  reveal  the  photosensitizer 
effect  and  to  have  optimal  electroporation  parameters  we  performed  experiments  trying  to  find  out  an  increase  of 
PpIX  production  in  cells  electroporated  in  presence  of  ALA.  The  following  conditions  were  used:  ALA  ImM, 
one  exponential  pulse  of  2  kV/cm  and  100  ps  time  constant.  15  min  after  electroporation  the  cells  were  incubated 
in  a  fresh  culture  medium  without  ALA  and  after  1  h  the  cells  PpIX  level  was  recorded.  For  control  cells  the 
same  experimental  conditions  were  used  without  electroporation  step  but  with  a  4h  incubation  with  ALA. 

An  unexpected  result  was  obtained.  In  the  electroporated  cells  no  PpIX  was  revealed.  The  spectrum  was  very 
similar  to  the  spectrum  of  control  cells  without  ALA  (data  not  shown). 

In  order  to  check  if  the  electroporation  step  disturb  or  not  the  metabolism  of  cells  a  further  control  experiment 
was  performed.  Cells  electroporated  without  ALA  were  incubated  immediately  after  the  electroporation  in  fresh 
medium  with  ImM  ALA  for  4  hours.  The  level  of  PpIX  was  recorded  by  fluorescence  spectrum  and  the  PpIX 
value  was  similar  to  the  control  cells  incubated  with  ALA  for  4  h,  without  electroporation.  This  is  an  evidence 
for  the  fact  that  electroporated  cells  were  able  to  develop  the  biochemical  processes  needed  for  PpIX  synthesis. 
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Figure  5.  The 
electroporation  yield  and 
the  viability  of 
electroporated  cells. 


Summary 

In  this  paper  we  report  our  preliminary  results  concerning  the  possibility  to  improve  the  efficiency  of  ALA  - 
PDT  method  by  electroporation.  Our  in  vitro  trials  did  not  supply  evidences  that  the  electroporation  of  cells  in 
suspension  can  be  a  way  to  increase  the  rate  of  ALA  uptake  of  the  cells.  These  results  are  apparently  in 
contradiction  with  reports  of  other  authors  which  successfully  increase  the  transdermal  transport  rate  of  ALA  and 
the  level  of  PpIX  production  in  in  vivo  experiments  on  mice  (Johnson  et  al,  2002). 
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Abstract 

Mobile  phone  base  stations  in  Australia  are  governed  by  a  mix  of  regulatory  and  self-regulatory 
instruments  ranging  from  how  base  stations  are  built,  through  to  cumulative  EME  compliance  on 
existing  shared  sites. 

This  paper  explores  various  levels  of  regulatory  compliance  required  of  Australia’s  mobile  phone 
carriers  when  it  comes  to  siting,  designing  and  operating  mobile  phone  infrastructure. 

The  regulatory  and  self-regulatory  mix  aims  to  address  both  the  science  underlying  human  exposure 
safety  and  the  public  perception  of  health  risks  from  mobile  phone  infrastructure  -  so  there  is  a  mix  of 
both  the  ICNIRP  standard  for  human  exposure  as  well  as  the  adoption  of  precautionary  behaviours 
when  carriers  build  base  stations  in  Australia. 

The  ACIF  Code  for  the  Deployment  of  Mobile  Phone  Networks  is  the  key  instrument  which  has 
adopted  precautionary  behaviours  requiring  carriers  to: 

•  Have  written  procedures  for  site  selection; 

•  Improve  notification  and  community  consultation  procedures; 

•  Design  and  operate  base  stations  with  the  objective  of  minimizing  electromagnetic  emissions; 
and 

•  Provide  electromagnetic  radiation  emission  reports,  or  Environmental  Reports  for  every  site, 
as  per  the  Federal  Department  of  Health’s  requirements. 

Australia’s  Mobile  Carriers  Forum  (MCF)  has  played  an  important  role  in  this  regulatory/self- 
regulatory  mix.  It  is  an  industry  forum  comprised  of  the  four  mobile  phone  carriers  building  networks 
in  Australia,  and  was  formed  in  2000  to  address  a  number  of  issues  in  the  area  of  wireless  infrastructure 
network  operations  and  mobile  base  station  deployment.  Of  particular  relevance  was  responding  to 
issues  of  community  concern  and  improving  inter-carrier  cooperation. 

The  MCF  has  either  contributed  to  the  creation  of  the  various  regulatory  and  self-regulatory 
instruments  discussed  in  this  paper,  or  has  developed  operational  programs  and  systems  for  the  carriers 
to  use  in  practice  to  ensure  regulatory  compliance.  While  it  does  not  claim  to  be  a  complete  analysis, 
this  paper  explores  the  main  instruments  and  initiatives. 

Introduction  to  the  Australian  Scene 

Mobile  phones  have  become  an  integral  part  of  day  to  day  life  for  individuals,  businesses  and  the 
community  at  large.  According  to  Credit  Suisse  First  Boston  2005,  the  Australian  mobile 
telecommunications  industry  today  has  approximately  19  million  subscribers  with  various  mobile 
technologies  being  used  by  about  95%  of  the  Australian  population.  Although  it  may  seem  surprising,  a 
penetration  rate  exceeding  100%  has  been  achieved  in  a  number  of  countries  and  research  suggests  that 
it  will  be  achieved  in  Australia  by  the  end  of  2008. 

The  Allen  Consulting  Group  states  in  its  publication  Australian  Mobile  Telecommunications  Industry  - 
Economic  Significance  (2005)  that  the  mobile  telecommunications  industry  is  a  high  revenue,  high  cost 
industry  that  makes  a  substantial  and  growing  contribution  to  the  wider  telecommunications  industry 
and  the  Australian  economy.  Industry  gross  product  for  the  financial  year  2004/05  was  $6.1  billion,  up 
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from  $5.3  billion  in  the  previous  year.  Since  1997,  capital  expenditure  by  the  industry  on  new  networks 
has  exceeded  $10  billion.  Revenue  from  the  mobiles  sector  of  the  telecommunications  industry  was 
$9.9  billion  in  2004/05  according  to  Credit  Suisse  First  Boston  2005.  Australia’s  mobile  phone 
networks  reach  over  98  percent  of  the  population  and  cover  just  over  20  percent  of  the  Australian  land 
mass. 

Data  such  as  industry  gross  product,  mobiles  revenue  and  capital  expenditure  figures  are  important  in 
demonstrating  the  economic  contribution  of  Australia’s  mobile  phone  industry,  however  those 
measures  do  not  convey  the  many  ways  in  which  mobile  telephony  contributes  to  improvements  in  the 
quality  of  people’s  lives  and  increases  in  social  equity. 

For  many  people,  mobile  telecommunications  is  more  than  a  tool  to  make  voice  calls;  instead,  the 
extensive  coverage,  array  of  services  and  information  available  mean  that  the  mobile  phone  can  “make 
life  mobile”.  The  accessibility  and  freedom  for  people  on  the  move  to  maintain  contact  with  other 
people  is  a  significant  benefit.  From  an  emergency  perspective,  a  third  of  all  calls  to  emergency 
services  in  Australia  are  made  from  mobile  phones.  Furthermore,  emerging  technology  such  as  3G  and 
video  phones  will  help  to  increase  social  equity  by  expanding  access  to  groups  such  as  the  hearing 
impaired.  Mobile  telephony  is  increasingly  more  affordable  in  Australia  particularly  through  low-cost 
and  capped  plans,  allowing  more  people  to  benefit  from  the  connectivity  of  mobile  telecommunications 
services. 

The  MCF  found  in  its  publication  Third  Generation  Mobile  Networks  in  Australia,  Broadband  For 
Your  Mobile  Phone  (2005),  that  3G  applications  in  the  Australian  business  sector  are  also  growing, 
ranging  from  video-calling  to  location  based  mobile  data  services  and  telecommuting  for  employees. 

Regulatory  Environment 

In  Australia,  telecommunications  facilities  are  primarily  regulated  under  Commonwealth  law.  This  is 
largely  due  to  Section  51(V)  of  the  Australian  Constitution  which  reads: 

“The  Parliament  shall,  subject  to  this  Constitution,  have  power  to  make  laws  for  the  peace,  order  and 
good  government  of  the  Commonwealth  with  respect  to:...(V )  postal,  telephonic  and  other  like 
services: ...  ” 

In  1991  the  Commonwealth  Parliament  enacted  the  Telecommunications  Act  1991.  The 
Telecommunications  Act  1991  and  subsequent  Carrier  licences  obligated  Carriers  to  provide  mobile 
telecommunications  services  to  a  large  percentage  of  the  Australian  population.  To  assist  Carriers  meet 
these  obligations  the  Telecommunications  Act  1991  also  provided  broad  ranging  powers  to  Carriers  to 
install  all  types  of  mobile  telecommunications  facilities  by  granting  exemptions  from  State  and 
Territory  environmental  planning  laws.  These  exemptions  allowed  Carriers  to  build  quite  substantial 
structures  such  as,  for  example,  30-metre  towers  without  regard  to  State  and  Territory  planning  law. 

However  in  1997  the  telecommunications  regulatory  environment  was  reshaped  with  the  introduction 
of  the  Telecommunications  Act  1997.  This  Act  significantly  curtailed  the  carriers’  powers  to  install 
telecommunications  facilities  by  limiting  those  exemptions  from  State  and  Local  planning  laws. 
Carriers  must  now  comply  with  State  and  Territory  planning  and  environmental  assessment  laws  in 
relation  to  the  installation  of  certain  types  of  telecommunications  facilities. 

The  Australian  Government  recognised  however,  that  there  are  some  telecommunications  facilities  and 
activities  that  are  “unlikely  to  cause  significant  community  disruption  or  significant  environmental 
disturbance”.  These  are  exempt  from  certain  State  and  Territory  laws.  These  new  telecommunications 
facilities  and  activities  are  described  in  the  Telecommunications  Act  1997  (as  amended),  (referred  to  as 
“the  Act”)  and  in  a  Ministerial  determination  made  under  the  Act  -  the  Telecommunications  (Low- 
impact  Facilities)  Determination  1997  (referred  to  as  the  “Low-impact  Determination”)  as  amended. 

The  Act  and  the  Low-impact  Determination  define  what  low-impact  installation  activities  may  be 
undertaken  in  certain  areas  without  reference  to  particular  State  and  Territory  laws.  Low-impact 
facilities  are  those  which  are  considered  essential  to  maintaining  telecommunications  that  cause 
minimal  detrimental  visual  impacts.  Common  examples  of  low-impact  facilities  are  smaller  scale 
structures  such  as  panel  antennas  on  light  poles,  building  facades  and  rooftop  installations.  The 
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Determination  sets  out  performance  criteria  for  certain  types  of  facilities  based  on  the  proposed 
location  (an  area  classification  criteria)  of  the  facility  and  the  dimensions  of  the  proposed  facility  (a 
dimension  criteria). 

Facilities  that  do  not  meet  the  performance  criteria  outlined  in  the  Determination  cannot  be  defined  as 
low-impact  facilities.  Those  activities  which  are  not  exempt  require  consent  from  the  local  council  as 
they  are  subject  to  State  planning  laws  which  vary  in  each  of  the  States  of  Australia.  For  the  purposes 
of  brevity,  this  paper  will  not  outline  each  State’s  planning  regime. 

Mix  of  Regulation  and  Self-Regulation 

The  Australian  Communications  and  Media  Authority,  the  ACMA,  (formerly  known  as  the  Australian 
Communications  Authority)  is  the  regulator  of  the  Australian  communications  industry.  Since  1997  it 
has  regulated  telecommunications  consumer  and  technical  matters,  and  manages  radio¬ 
communications.  Specifically,  the  ACMA  is  responsible  for  the  issuing  of  carrier  licenses,  the 
regulation  of  service  providers,  the  registration  and  enforcement  of  industry  (including  consumer, 
operations  and  technical)  codes  of  practice  and  the  setting  of  industry  standards,  to  name  a  few  of  its 
responsibilities. 

The  issue  of  electro-magnetic  radiation  (EMR)  is  an  important  issue  for  consideration  in  the 
deployment  of  telecommunications  infrastructure.  Some  members  of  the  public  perceive  that  exposure 
to  this  type  of  radiation  from  mobile  telephony  could  be  harmful  to  human  health.  For  the  purposes  of 
this  paper  it  is  necessary  to  outline  that  in  Australia,  exposure  to  EMR  is  regulated  by  the  ACMA.  The 
applicable  standard  is  the  “Radiation  Protection  Standard  -  Maximum  Exposure  Levels  to 
Radiofrequency  Fields  -  3kHz  to  300  GHz.  The  standard  prescribes  “fundamental  limits  designed  to 
ensure  that  known  health  effects  do  not  arise  from  exposure  to  radio  frequency  fields”. 

The  Australian  Radiation  Protection  and  Nuclear  Safety  Agency  (ARPANSA)  is  an  Australian 
Government  agency  under  the  Department  of  Health,  charged  with  responsibility  for  protecting  the 
health  and  safety  of  people,  and  the  environment,  from  the  harmful  effects  of  ionizing  and  non-ionizing 
radiation.  ARPANSA  builds  and  maintains  expertise  in  the  measurement  of  radiation  and  assessment  of 
health  impacts,  it  advises  Government  and  provides  information  to  the  public,  on  issues  related  to 
radiation  protection  and  nuclear  safety,  and  it  leads  in  the  development  of  standards,  codes  of  practice, 
guidelines  and  other  relevant  material  to  support  radiation  protection  and  nuclear  safety  throughout 
Australia.  For  example,  the  ACMA  changed  its  Radio-communications  (Electromagnetic  Radiation) 
Human  Exposure  Standard  2001  to  incorporate  the  limits  of  the  new  radiation  protection  standard 
recommended  by  ARPANSA  -  harmonising  Australia  with  the  ICNIRP  guidelines  a  few  years  ago. 

The  considered  scientific  opinion  from  ARPANSA  about  possible  health  effects  from  this  type  of 
infrastructure  is  that  “the  weight  of  national  and  international  scientific  opinion  is  that  there  is  no 
substantiated  evidence  that  RF  emissions  associated  with  living  near  a  mobile  phone  base  station  of 
telecommunications  tower  poses  a  health  risk”.  The  Australian  Government  and  its  regulatory  bodies 
commonly  refer  to  the  World  Health  Organisation’s  position  on  this  issue.  Comprehensive  reviews  of 
over  2200  research  publications,  including  more  than  410  studies  specifically  on  mobile  phones  and 
base  stations,  by  governments  and  health  authorities  continue,  without  exception,  to  find  there  is  no 
substantiated  scientific  evidence  of  health  effects. 

The  World  Health  Organisation  (WHO)  in  May  2006  updated  their  fact  sheet  entitled  “Electromagnetic 
Fields  and  Public  Health  -  Base  Stations  and  Wireless  Technologies”,  saying: 

“Considering  the  very  low  exposure  levels  and  research  results  collected  to  date, 
there  is  no  convincing  scientific  evidence  that  the  weak  RF  signals  from  base  stations 
and  wireless  networks  cause  adverse  health  effects” 

Only  recently  the  WHO  said  that  despite  the  feeling  of  some  people  that  more  research  needs  to  be 
done,  scientific  knowledge  in  this  area  is  now  more  extensive  than  for  most  chemicals. 

The  Australian  Communications  Industry  Forum  (ACIF)  is  an  industry  owned,  resourced  and  operated 
company  established  by  the  telecommunications  industry  in  1997  to  help  implement  and  manage 
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communication  self-regulation  within  Australia.  ACIF  develops  Standards  and  Codes  to  support 
competition  and  protect  consumers,  and  administer  technical  and  operating  arrangements. 

ACIF  developed  an  Industry  Code  for  the  Deployment  of  Radio-communications  Infrastructure 
(referred  to  as  “the  Code”)  which  was  registered  by  the  ACMA  in  2002.  The  Code  applies  the 
precautionary  approach  to  the  siting,  design  and  operation  of  mobile  phone  base  station  infrastructure 
in  Australia.  It  requires  carriers  to: 

•  Have  written  procedures  for  site  selection; 

•  Improve  notification  and  community  consultation  procedures  for  low-impact  sites; 

•  Design  and  operate  base  stations  with  the  objective  of  minimizing  electromagnetic  emissions; 
and 

•  Provide  electromagnetic  radiation  emission  reports  upon  request,  as  per  the  Federal 
Department  of  Health’s  ARP  ANSA  requirements. 

The  Code  was  developed  in  response  to  calls  for  greater  council  and  community  involvement  and  more 
information  when  mobile  phone  base  stations  are  installed.  It  was  developed  and  agreed  to  by  carriers, 
local  government,  unions,  community  groups  and  the  ACMA. 

It  is  important  to  note  that  the  Code  was  developed  to  increase  the  transparency  and  accountability  of 
carriers  and  increase  consultation  with  the  community  when  low-impact  mobile  phone  base  stations  are 
built.  The  Australian  community  now  has  rights  of  access  to  information  about  any  proposed  base 
station  in  their  area. 

Self-Regulatory  Aspects  to  Code  Implementation  -  Industry  Activity 

As  the  industry  approached  the  introduction  of  the  above  mentioned  Code,  the  MCF  recognised  that  the 
industry  needed  to  be  well  prepared  for  the  significant  changes  the  Code  would  make  to  Australia’s 
traditional  deployment  processes.  The  Code  introduced  new  notification  and  consultation  requirements 
for  low-impact  sites  that  were  not  required  previously  by  law.  It  requires  carriers  to  provide  certain 
EME  information  about  all  sites  across  the  country  and  it  requires  carriers  to  demonstrate  that  they  had 
investigated  possible  co-location  opportunities  in  the  first  instance. 

In  order  for  the  Code  to  succeed,  the  carriers  needed  an  implementation  program  of  proforma 
documentation  and  flowcharts  which  guided  carrier  staff  to  ensure  industry  compliance  with  the  Code. 
The  MCF  created  such  documentation  with  the  input  and  ownership  of  each  carrier  on  the  Code 
drafting  committee.  The  implementation  process  was  then  transferred  into  an  interactive  web  based 
system  which  each  carrier  utilises.  The  program  has  provided  some  industry  consistency  in  what  could 
have  become  a  myriad  of  interpretations  which  may  have  resulted  in  poorer  compliance  and  would 
have  made  it  even  more  difficult  for  the  regulator,  the  ACMA,  to  monitor.  The  ACMA  records  all 
legitimate  complaints  made  to  it  about  a  carrier’s  compliance  or  lack  of  compliance  with  the  Code  and 
assesses  whether  in  fact  the  Code  has  been  breached.  Fines  of  up  to  $250,000  per  breach  may  be 
charged  by  the  regulator. 

Other  countries  have  introduced  similar  industry  policies  to  the  Code,  but  none  have  been  supported  by 
industry-consistent  implementation  documentation  and  processes  which  provide  a  paper  trail 
demonstrating  industry  compliance  with  such  a  regime. 

As  part  of  the  implementation  program  it  was  important  to  engage  with  the  key  stakeholders  in  the 
Code.  The  MCF  organised  a  series  of  National  Workshops  in  partnership  with  each  State  Local 
Government  Association  (LGA),  the  ACA  and  ARP  ANSA,  to  improve  council  awareness  of  the  new 
Code.  The  MCF  also  produced  an  Information  Kit  for  councils,  distributed  via  LGA  channels. 

One  particular  Council  in  Sydney  even  made  a  specific  report  to  its  full  council  on  the  MCF’s  Code 
Information  Kit  and  Workshop  and  stated  that  “the  Code  appears  to  be  a  genuine  attempt  by  the 
Carriers  to  gain  some  community  and  Council  trust”.  This  feedback  was  an  important  message 
confirming  to  the  industry  that  its  efforts  had  not  gone  unnoticed. 

In  addition  to  this  work,  the  MCF  embarked  upon  a  project  with  State  Local  Government  Associations 
in  Australia,  which  resulted  in  the  creation  of  Guidelines  for  Local  Government  on  the  ACIF  Code  in 
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2006.  The  Guidelines  were  created  with  extensive  consultation  with  local  councils  and  they  provide  a 
useful  toolkit  for  local  council  staff  to  monitor  carrier  compliance  with  the  Code,  despite  the  fact  that 
low-impact  sites  do  not  require  local  council  consent. 

Demonstrably,  the  MCF’s  promotional  and  operational  activities  have  been  world  leading  in  that  the 
adoption  of  the  code  was  strengthened  with  the  development  of  an  implementation  program  for 
demonstrating  industry  compliance  and  process,  as  well  as  providing  local  government  with  enhanced 
awareness  of  required  carrier  processes.  This  has  reinforced  Australia’s  self-regulatory  regime  for 
telecommunications . 

Coordinated  Strategy  for  On-site  Regulatory  Compliance 

The  MCF  has  facilitated  the  creation  of  a  regulatory  compliance  strategy  for  carriers  to  assist  them  in 
managing  their  cumulative  EME  exposure  obligations  at  both  carrier  and  non-carrier  owned  sites.  This 
strategy  involves  inter-carrier  data  exchange  as  well  as  liaison  with  third  party  property  owners  and 
radio  licensees. 

The  strategy,  which  is  now  known  as  the  MCF  EME  Regulatory  Compliance  Strategy  (MERCS)  was 
first  tested  via  a  national  trial  of  fifty  rooftop  sites  each  containing  two  or  more  carrier  facilities.  A 
process  for  inter-carrier  information  exchange,  cumulative  radio  hazard  assessment  by  accredited 
specialists  and  communicating  compliance  to  the  property  owner  through  a  standard  form  Radio¬ 
communications  Site  Management  Book  (RCSMB)  was  developed  and  tested.  This  strategy  is  now 
being  used  by  the  industry  across  the  country. 

The  MCF  Rooftop  Trial,  as  it  was  known,  was  also  transferred  into  an  electronic  repository  or  database 
of  carrier  sites  by  one  of  the  MCF’s  members,  Telstra.  It  is  now  being  populated  by  all  carriers.  This 
database,  known  as  the  National  Site  Archive  (NSA),  facilitates  an  electronic  information  exchange 
amongst  carriers.  Each  carrier  site,  as  it  is  built,  is  uploaded  onto  the  NSA  and  the  public  are  provided 
access  to  each  site’s  environmental  EME  report  (ARP ANSA  report)  and  compliance  certificate  as  part 
of  the  industry’s  objective  of  transparency  and  accountability. 

During  the  Trial,  a  National  Antenna  Database  (NAD)  was  developed  as  the  centralised  database  of 
mobile  carrier  antenna  data.  The  NAD  is  an  essential  system  to  ensure  that  consistent  and  standard 
antenna  data  is  available  to  carriers  for  EME  software  applications.  The  NAD  is  also  critical  to  further 
automation  of  the  NSA  e.g.  producing  automatic  environmental  reports  from  STAD  tables. 

The  MCF  Rooftop  Trial  created  a  system  for  ensuring  cumulative  assessment  of  EME  at  shared  sites 
given  the  regulatory  requirements  placed  on  the  carriers  by  the  ACMA  and  ARP  ANSA  which  included 
occupational  health  and  safety  (OH&S)  obligations  for  workers  who  would  access  such  rooftop  sites.  It 
is  not  an  overstatement  to  say  that  the  MCF  Rooftop  Trial  revolutionized  how  carriers  ensured 
compliance  with  cumulative  exposure  standards  and  OH&S  laws  on  non-carrier  owned  sites. 

The  resulting  NSA  is  also  linked  to  an  electronic  system  for  managing  the  afore  mentioned  ACIF  Code. 
Australia’s  largest  (majority  Government  owned)  carrier,  Telstra  assisted  the  industry  by  taking  the 
MCF’s  Code  implementation  documentation  and  transferring  it  into  an  electronic  system  for 
compliance,  linked  to  the  NSA.  Carriers  in  Australia  can  now  upload  site  data  onto  the  NSA,  record  the 
required  compliance  documentation,  upload  the  required  site  management  book,  and  document  the 
completion  of  their  ACIF  Code  requirements  through  a  linked  MCF  web  based  electronic  system. 

The  efficiencies  and  benefits  to  the  industry  from  these  initiatives  are  significant.  The  MCF’s  ability  to 
facilitate  such  a  consistent  industry  owned  and  used  system  is  laudable  and  is  testimony  to  the  growing 
maturity  of  the  MCF’s  members  -  the  Australian  mobile  telecommunications  carriers. 

Visual  Impact  of  Mobile  Phone  Base  Stations 

As  was  outlined  by  Stoianoff  (2004),  when  communities  convey  concerns  over  base  station 
deployment,  it  usually  arises  in  three  areas,  not  in  any  particular  order  -  firstly,  EMR  emissions  and 
health,  secondly,  visual  amenity  concerns  about  infrastructure  and  thirdly,  a  perceived  lack  of 
community  empowerment  when  base  stations  are  being  built. 
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In  Australia,  the  third  concern  has  somewhat  been  addressed  via  the  previously  described  ACIF  Code, 
however,  this  instrument,  nor  any  other  similar  instrument,  can  ever  fully  satisfy  every  community 
member’s  desire  to  control  development  in  their  area. 

The  first  concern  in  relation  to  emissions  and  health  is  a  world-wide  phenomenon  and  can  only  be 
managed  with  the  assistance  of  ongoing  replicated  research  and  the  communication  of  information  and 
education  to  the  community  from  independent  expert  bodies  such  as  the  World  Health  Organization 
and  local  authorities  such  as  ARP  ANSA  in  Australia. 

The  second  concern,  visual  amenity  is  a  somewhat  different  issue  in  that  it  is  influenced  by  a  number  of 
factors  such  as  cost,  technical  RF  requirements,  topography  and  vegetation  and  land  owner 
requirements.  Given  the  varying  range  of  issues,  the  most  aesthetic  design  is  not  always  an  available 
option  when  building  base  stations,  however,  industry  needed  to  make  an  effort  wherever  possible. 

Early  on  in  the  MCF’s  formation,  a  set  of  Guidelines  were  created  incorporating  urban  design 
principles  with  the  requirements  of  the  infrastructure  regulatory  regime  in  Australia.  The  Guidelines  for 
Better  Visual  Outcomes  -  Low-impact  Mobile  Facilities  book  was  published  by  the  MCF  in  2001.  It 
was  well  received  by  planners,  government  and  local  councils.  Some  local  councils  even  sought 
permission  to  extract  sections  of  the  Guidelines  to  insert  into  local  government  policies  and  planning 
schemes.  A  second  edition  of  the  Guidelines  was  produced  in  2004  to  include  the  ACIF  Code  in  the 
chapter  which  outlines  Australia’s  telecommunications  regulatory  regime. 

More  recently,  with  the  imprimatur  of  the  Australian  Government,  the  MCF  has  convened  a  Design 
and  Innovation  Taskforce  inviting  key  stakeholders  to  participate  including  the  property  sector, 
structural  designers  and  engineers,  local  government,  town  planners  and  telecommunications  industry 
representatives.  This  group  of  stakeholders  was  identified  as  those  who  are  best  placed  to  make  either  a 
technical  contribution  to  the  Taskforce  or  those  who  have  a  direct  involvement  in  the  siting  and  design 
component  of  mobile  phone  base  station  deployment. 

The  Taskforce’s  key  objectives  are  to: 

•  help  investigate  the  national  and  international  scene  for  improving  the  visual  amenity  of 
infrastructure  -  what  designs  are  in  use  globally, 

•  gain  a  better  understanding  of  the  real  life  impediments  to  the  adoption  of  “aesthetic  design 
options”  in  Australia;  and 

•  identify  practical  methods  or  opportunities  to  improve  the  visual  amenity  of  facilities  in 
Australia  -  providing  recommendations  within  the  context  of  the  Australian  marketplace. 

The  MCF  Taskforce  intends  to  generate  a  technical  paper  drafted  by  a  specialist  planner  which  should 
focus  on  the  above  key  objectives.  The  Technical  paper  will  also  focus  on  typical  types  of 
telecommunications  sites  including:  building  rooftops,  base  stations  in  parks  and  recreational  space, 
and  on  telegraph/electricity  poles  and  other  utility  structures. 

Summary 

This  paper  has  outlined  the  main  regulatory  instruments  which  govern  mobile  phone  base  station 
deployment  in  Australia.  It  is  clear  to  see  that  a  balanced  mix  of  regulatory  and  self-regulatory 
mechanisms  are  at  play  ranging  from  legislation  and  Codes  of  Practice  through  to  industry  initiatives 
geared  towards  ensuring  compliance  with  regulatory  expectations  from  Government  and  the 
community’s  perspective. 

This  paper  has  also  outlined  a  summary  of  MCF  initiatives  from  devising  regulatory  compliance 
programs  to  creating  publications  which  assist  in  industry  performance  and  stakeholder  appreciation  of 
the  limitations  in  network  deployment  options.  Each  of  the  MCF’s  initiatives  may  assist  other  country’s 
organisations  in  addressing  similar  issues  of  concern. 

While  the  telecommunications  industry  is  governed  by  a  largely  self  regulatory  regime,  the  industry 
must  take  a  proactive  and  responsible  approach  to  deployment  in  order  to  honour  such  a  regime. 
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Abstract 


For  the  past  two  decades,  researchers  have  actively  been  studying  the  effects  of  time-varying  magnetic 
fields  (MF)  on  humans,  principally  examining  the  potential  for  the  field  to  have  acute  effects  on  human 
physiology,  neurophysiology  and  behaviour.  The  more  consistent  results  reported  in  recent  literature  seem  to 
show  an  increase  in  occipital  alpha  rhythm  of  resting  electroencephalographic  activity  (EEG)  with  exposure 
(Cook  et  al.,  2004;  Ghione  et  al.  2005).  Interestingly,  other  studies  have  demonstrated  that  human  motor 
behavior  can  be  modulated  by  exposure  to  an  Extremely  Low  Frequency  (ELF)  MF,  showing  a  reduction  in 
anteroposterior  standing  balance  oscillations  (Thomas  et  al.,  2001)  and  a  decrease  in  physiological  tremor 
intensity  (Legros  et  al,  2006).  However,  to  establish  a  connection  between  these  observations  would  require  a 
project  that,  in  one  procedure,  investigates  physiological,  neurophysiological  and  behavioural  parameters. 
Therefore,  subject  testing  has  begun,  in  a  project  approved  by  the  University  of  Western  Ontario  (Health 
Sciences  Research  Ethics  Board  #  11956E),  to  investigate  the  effects  of  a  60  Hz,  1800  pT  MF  on  heart  rate 
(frequency  and  variability),  peripheral  blood  perfusion,  brain  electrical  activity  (EEG),  postural  oscillations, 
voluntary  motor  functions,  and  physiological  tremor.  Preliminary  results  will  be  presented  and  should  provide 
reliable  information  concerning  human  exposure  to  power-line  frequency  MF. 
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Introduction 

Domestic  electrical  appliances,  distribution  and  transport  power-lines,  and  residential  wiring  are  some 
of  the  numerous  sources  of  magnetic  field  (MF)  in  our  everyday  environment.  Over  the  past  several  years, 
studies  have  been  conducted  with  the  aim  of  characterizing  the  effects  of  Extremely  Low  Frequency  (ELF, 
below  300Hz)  MF  on  human  health  and  performance.  Despite  the  amount  of  work  that  has  been  done  in  this 
area,  there  remains  no  consensus  as  to  the  effects  of  ELF  MF  on  humans. 

From  brain  electrical  activity  to  motor  behaviour,  a  number  of  aspects  of  human  physiology  and 
behaviour  have  been  examined  in  scientific  literature  in  response  to  acute  exposure  to  ELF  MF.  Among  the 
potential  effects,  many  studies  detected  neuropsychological  changes  induced  by  the  exposure  (Keetley  et  al. 
2001;  Preece  et  al.  1998).  That  these  studies  are  still  relatively  rare,  and  often  have  conflicting  findings  prevents 
the  confident  characterization  of  the  field’s  effects.  Further,  exposure  protocol  and  neuropsychological 
evaluating  tools  differ  between  studies,  and  reported  effects  are  tenuous  or  even  absent.  Nevertheless,  the 
examination  of  these  studies  shows  that  any  notable  cognitive  effects  generally  appear  to  affect  high  level 
cognitive  processes  such  as  attention  mechanisms,  learning  and  memory;  and  executive  functions  such  as 
working  memory,  flexibility,  categorization,  deduction  and  problem  solving  (see  Kazantzis  et  al.  1998;  Podd  et 
al.  2002;  Preece  et  al.  1998;  Stollery  1986).  Moreover,  authors  have  found  that  the  changes  influence  the  quality 
and  the  precision  of  high  level  cognitive  mechanisms  rather  than  the  velocity  of  execution. 

If  such  neuropsychological  functions  are  effectively  modulated  by  the  exposure  to  ELF  MF,  effects 
should  be  detectable  at  a  neurophysiological  level.  Several  studies  have  shown  effects  of  MF  exposure  on 
human  electroencephalogram  (EEG)  or  evoked  potentials  (Bell  et  al.  1992;  Bell  et  al.  1994a;  Bell  et  al.  1994b; 
Cook  et  al.  2005;  Cook  et  al.  2004;  Ghione  et  al.  2005;  Heusser  et  al.  1997;  Lyskov  et  al.  1993a;  Lyskov  et  al. 
1993b;  Marino  et  al.  2004).  Still,  no  consensus  exists  on  the  direction  of  these  effects,  though  the  most 
conspicuous  results  seem  to  suggest  a  higher  resting  EEG  in  the  alpha  rhythm  after  exposure  (8-13  Hz,  see  for 
example  Cook  et  al.  2004;  Ghione  et  al.  2005). 

Other  studies  analyzing  the  interaction  between  heart  rate  (HR)  behavior  and  MF  have  shown  that 
electrophysiological  rhythms  can  also  be  modified  at  the  peripheral  level  and  that  the  exposure  to  60  Hz  MF 
could  induce  a  slowing  of  the  HR  that  may  or  may  not  be  associated  with  changes  in  HR  variability  (Cook  et  al. 
1992;  Graham  et  al.  2000a;  Maresh  et  al.  1988;  Sastre  et  al.  1998;  Sastre  et  al.  2000).  Again,  other  works  did  not 
detect  any  exposure  effect  on  HR  (Graham  et  al.  2000b;  Graham  et  al.  2000c;  Kurokawa  et  al.  2003).  For  a 
better  understanding  of  the  mechanisms  underlying  observed  changes  in  HR,  electrophysiological  data  should  be 
completed  by  the  monitoring  of  hemodynamic  parameters  such  as  blood  flow. 

Another  way  to  investigate  the  effects  of  MF  on  the  human  body  in  its  entirety  is  to  evaluate  human 
motricity.  A  few  studies  have  demonstrated  an  effect  on  human  motor  control  resulting  from  exposure  to  time- 
varying  MF.  Thomas  et  al.  2001a,  for  example,  explored  human  postural  oscillations  and  reported  significant 
decrease  in  anteroposterior  balance  using  a  pulsed  MF  at  200  pT.  Legros  et  al.  explored  human  physiological 
tremor  (Legros  and  Beuter  2005;  Legros  and  Beuter  2006;  Legros  et  al.  2006).  They  did  not  report  any 
significant  effect  of  a  50  Hz,  1000  pT  MF  on  physiological  tremor  occurring  during  a  goal  directed  task. 
However,  the  analysis  of  tremor  occurring  during  a  postural  task  of  the  index  finger  suggested  a  relaxing  effect 
induced  by  the  exposure,  decreasing  tremor  size.  Interestingly,  Cook  et  al.  who,  in  2004,  showed  an  effect  of  a 
pulsed  200  pT  MF  on  EEG  alpha  activity,  also  underlined  the  link  between  resting  posterior  alpha  activity  and 
the  state  of  relaxed  wakefulness  (Niedermeyer  1999). 

Reported  results  are  subtle  and  often  not  replicated.  These  discrepancies  defining  the  effect  of  an  ELF 
MF  on  humans  can  be  attributed  to  the  heterogeneity  in  intensity,  shape  and  frequency  of  the  MF  used,  as  well  as 
the  differences  in  exposure  duration.  Furthermore,  results  differ  with  continuous  versus  intermittent  exposure, 
and  depending  on  whether  the  testing  of  the  subjects  is  performed  during  or  after  the  exposure. 

Objective 

The  main  objective  of  this  study  is  to  evaluate  subtle  effects  of  a  60  Hz  MF  exposure  up  to  1800  pT  on 
human  physiology,  neurophysiology  and  motor  functions  in  a  single  procedure.  This  intensity  has  been  chosen 
because  the  International  Commission  on  Non-Ionizing  Radiation  Protection  (ICNIRP)  guidelines  establishes 
that  current  density  induced  by  MF  occupational  exposure  "should  be  limited  to  fields  that  induce  current 
densities  less  than  10mA/m2"  (ICNIRP  1998),  and  this  corresponds  to  computed  MF  value  which  can  reach 
1800  pT  (Stuchly  and  Dawson  2002,  http://www.emfs.info/sci  Numerical. asp).  This  global  approach  will  then 
establish  a  better  understanding  of  the  effects  of  high  intensity  MF  on  these  functions.  Conclusions  will  be  drawn 
from  the  examination  of  human  blood  perfusion,  HR  (frequency  and  variability),  brain  electrical  activity  (EEG), 
posturo-kinetic  activity  as  postural  sway,  voluntary  motor  functions  as  rapidly  alternating  movements  and 
involuntary  movements  through  the  measurement  of  postural  tremor. 
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Based  on  results  in  the  literature,  we  hypothesize  that  MF  exposure  will  (1)  not  affect  ECG  or  blood 
flow,  (2)  increase  EEG  power  in  alpha  band  activity,  especially  in  the  posterior  regions  of  the  brain,  (3)  decrease 
the  quantity  and  the  variability  of  anteroposterior  displacements  of  postural  sway,  (4)  increase  the  rapid 
voluntary  movements'  maximum  frequency,  and  (5)  decrease  postural  tremor  amplitude.  Effects  should  appear 
after  several  minutes  of  exposure.  The  results  could  be  useful  in  the  development  of  public  policy  regarding  the 
safety  of  MF  exposure. 

Methods 

This  is  a  currently  ongoing  study.  To  date,  8  subjects  have  completed  at  least  1  of  the  2  sessions  of 
testing.  All  participants  give  their  informed  consent  before  participating  (University  of  Western  Ontario  Health 
Sciences  Research  Ethics  Board  #  11956E).  At  term,  70  healthy  adults  between  18  and  55  years  of  age  will  have 
completed  the  full  protocol  consisting  of  2  counterbalanced  exposure  sessions  given  on  2  separate  days  (with  at 
least  2  days  in  between):  1  active  exposure  condition  (real)  and  1  control  exposure  condition  (sham)  as  detailed 
in  Figure  la.  None  of  the  participants  have  ever  experienced  an  epileptic  seizure;  have  motor  limitation;  suffer 
from  chronic  illness  (e.g.,  diabetes,  severe  psychiatric,  cardiovascular  or  neurological  diseases);  or  have  a  cardiac 
or  cerebral  pacemaker.  They  have  no  history  of  head,  eye  or  thorax  injury  involving  metal  fragments;  they  do  not 
wear  metal  braces  on  their  teeth.  Finally,  women  cannot  be  pregnant,  nor  have  an  intrauterine  device.  A  double 
blind  computer  driven  procedure  controlling  for  variables  is  used  such  that  neither  the  participant  nor  the 
experimenter  know  when  the  real  or  sham  condition  occurs.  Each  session  lasts  1  hour  and  45  minutes  and  is 
composed  of  four  15  minute  blocks  of  testing  with  15  minutes  rest  in  between.  1  hour  of  MF  exposure  is  given 
from  minute  15  to  minute  75  of  the  real  exposure  session.  There  is  no  MF  exposure  in  the  sham  session. 


Real  exposure  session  Sham  exposure  session 
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Figure  1:  a.  Time  course  of  the  2  exposure  sessions  (real  and  sham).  The  horizontal  black  line 
represents  the  MF  status  (OFF  when  down,  ON  when  up).  Note  that  during  the  sham  exposure  session,  the  MF  is 
never  ON.  Vertical  grey  bands  represent  the  four  15-minute  blocks  of  testing,  b.  Zoom  on  the  time  course  of  a 
block  of  testing  (the  same  for  each  block).  White  cells  represent  resting  periods  and  grey  cells  represent  testing 
periods  (duration  is  displayed  in  seconds  inside  the  cells).  The  table  below  indicates  the  tests  to  which  these 
periods  correspond. 


Each  subject  is  equipped  with  the  recording  devices  and  his  handedness  is  determined  with  the  Oldfield 
questionnaire  (Oldfield  1971).  For  the  experiment,  he  is  seated  in  an  armchair  in  the  exposure  facility.  The 
exposure  system  generating  the  MF  has  been  designed  for  this  experiment.  It  is  composed  of  2  octagonal  coils, 
1.6  meters  in  diameter,  running  parallel  to  each  other  1.2  meters  apart.  Each  coil  contains  80  turns  of  AWG-10 
wire  mounted  with  a  nonconductive  cooling/heating  tubing  system.  The  system  is  configured  to  generate  a 
homogenous  60  Hz  field,  up  to  1800  pT,  centred  at  the  level  of  the  head. 

Prior  to  testing,  the  subject  receives  written  directions,  and  is  shown  an  audio-video  demonstration  of 
each  task  through  a  LCD  screen  and  speakers,  both  positioned  1  meter  in  front  of  him.  The  room  temperature  is 
maintained  at  23  °C.  From  the  beginning  of  the  testing  session,  both  the  subject  and  experimenter  wear  ear  plugs 
to  make  it  impossible  to  detect  the  subtle  noise  produced  by  the  coils  when  the  field  is  generated.  The  time 
course  of  the  testing,  as  well  as  the  MF  generation  and  data  acquisition,  are  entirely  automated  and  computer 
driven  (Labview  8.0  and  Data  acquisition  card  NI  PCI-6289,  National  Instrument  Inc.,  USA);  except  for 
recording  of  EEG,  ECG  and  blood  flow  data.  Automatic  audio  directions  are  given  to  the  subject  throughout  the 
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duration  of  the  experiment.  He  obtains  visual  information  about  the  timing  of  the  experiment  through  the  screen 
in  front  of  him. 

Each  of  the  4  blocks  of  testing  in  each  session  follows  the  same  time  course  (Figure  lb).  The  subject 
first  relaxes  for  1  min.  Then  his  resting  eyes-open-EEG  is  recorded  for  2  min.  After  30  sec  of  inactivity,  his 
resting  eyes-close-EEG  is  recorded  for  another  2  min.  Baseline  local  blood  perfusion  (recorded  at  the  tip  of  the 
non  dominant  index  finger,  PF  5010  Laser  Doppler  Perfusion  Monitoring  unit  and  probe  407-1,  Perimed, 
Sweden)  and  ECG  are  recorded  simultaneously.  EEG  and  ECG  are  recorded  at  512  Hz  with  a  32  channels 
ambulatory  unit  (Siesta  unit,  Compumedics  Inc.,  USA).  During  the  real  exposure  session,  the  MF  is  switched 
OFF  dining  the  second  minute  of  both  EEG  recordings  (eyes  open  and  eyes  closed)  to  keep  1  minute  free  of  MF 
artefact  in  the  data. 

The  subject  is  then  asked  to  open  his  eyes,  and  after  a  resting  period  of  1  minute,  his  eyes-open  postural 
tremor  is  recorded  at  the  extremity  of  his  dominant  index  finger  for  1  minute.  A  Class  II  laser  diode  pointing 
toward  the  ground  (Micro  laser  sensor  LM10,  series  ARN11,  Matsushita  Electronic  Work,  Ltd.,  Osaka,  Japan) 
and  located  8  cm  above  the  piece  of  white  cardboard  fixed  on  nail  of  the  index  finger  enables  1000  Hz  vertical 
displacement  recording.  A  target  horizontal  line  gives  feedback  about  the  index  finger’s  vertical  position,  and  is 
also  displayed  on  the  LCD  screen.  In  this  test,  the  subject  must  point  the  index  finger  (in  extension  at  the  level 
of  the  metacarpophalangeal  joint)  to  keep  the  target  line  centred  in  the  middle  of  the  screen  for  1  minute  at  the 
"zero  position".  After  another  1  minute  rest,  he  performs  the  same  test  with  his  eyes  closed  and  therefore,  with 
no  visual  feedback. 

After  another  1  min  period,  the  subject  is  asked  to  extend  his  arms  in  front  of  him,  parallel  to  the  floor, 
and  then  to  bend  them  to  a  90  degree  angle  at  the  elbow,  with  hands  open,  palms  facing  each  other.  From  this 
starting  position,  he  has  to  execute  alternating  hand  movements  that  involve  rotating  the  hands  at  the  wrist  axis: 
(1)  with  the  right  hand  at  a  natural  rhythm;  (2)  with  the  left  hand,  natural  rhythm;  (3)  with  both  hands,  natural 
rhythm;  (4)  with  the  right  hand  at  a  higher  frequency;  (5)  with  the  left  hand,  higher  frequency;  and  (6)  both 
hands,  higher  frequency.  For  the  higher  frequency  condition,  the  subject  is  asked  to  rotate  his  hands  “as  fast  and 
as  far  as  possible".  Recordings  last  5  sec  each,  with  a  15  sec  rest  between  any  two.  Recordings  are  done  with  the 
liberty  system  (Polhemus  inc.,  USA),  with  2  transducers  fixed  like  watches  on  the  dorsal  side  of  the  wrists, 
allowing  recording  of  movement  kinematics  with  6  degrees  of  freedom  at  200  Hz  in  the  used  configuration  (3D 
and  3  angles  of  rotation,  accuracy  of  0.03  RMS  for  X,  Y,  Z  position  and  0.15°  RMS  for  orientation).  The  Liberty 
system  is  an  electromagnetic  tracking  system  and  therefore,  during  MF  exposure  session,  the  field  has  to  be 
turned  OFF  during  each  5  sec  recording  periods  so  as  not  to  affect  data. 

Finally,  the  subject  has  75  sec  to  step  onto  a  force  plate  (standardized  socks,  feet  parallel,  1  cm  apart) 
and  to  relax  before  his  postural  sway  is  recorded  during  30  sec  eyes  open,  and  30  sec  eyes  closed,  with  a  30  sec 
period  in  between.  The  3-D  force  plate  used  in  previous  works  (Thomas  el  al.  2001a;  Thomas  el  al.  2001b,  OR6- 
7-1000,  AMTI,  Watertown  MA)  is  mounted  on  the  floor  in  the  centre  of  the  MF  exposure  system,  and  measures 
the  force  and  momentum  applied  by  the  subject's  feet  at  a  sampling  rate  of  1000  Hz.  These  measurements  can  be 
converted  to  centre  of  pressure  (COP)  values,  i.e.  the  perpendicular  projection  of  the  centre  of  gravity  through 
the  force  plate.  Postural  sway  is  then  the  change  the  COP  over  time. 

As  detailed  in  the  Figure  lb,  this  block  of  testing  is  given  4  times  over  a  session.  During  a  real 
exposure  session,  this  would  mean  that  the  testing  begins:  15  minutes  before  the  beginning  of  the  exposure 
period,  15  minutes  after  the  beginning  of  the  MF  exposure,  45  minutes  after  the  beginning  of  the  MF  exposure, 
and  15  minutes  after  the  end  of  the  MF  exposure.  Skin  temperature  is  monitored  throughout  the  experiment. 
After  each  block,  the  subject  has  to  answer  the  Field  Status  Questionnaire  (FSQ,  Cook  et  al.  1992)  to  assess  his 
ability  to  detect  the  presence  of  the  field. 

Data  processing  and  Analysis 

As  an  ongoing  study,  data  are  still  being  collected  and  analysed.  Therefore,  given  the  advancement  of 
the  study  and  in  a  concern  of  clarity  of  the  purpose,  it  has  been  chosen  to  focus  here  on  a  limited  set  of  data, 
including  EEG  in  the  occipital  region  of  the  brain  (Ol,  02),  postural  tremor  data,  and  postural  sway  data. 

First,  the  ambulatory  EEG  data  are  recorded  on  a  flash  memory  card,  and  then  an  averaged  reference 
montage  is  used  to  import  data  in  Matlab  for  processing  (The  MathWorks  Inc.,  Natick,  USA).  Fast  Fourier 
Transform  (FFT)  and  inverse  Fast  Fourier  Transform  (iFFT)  are  used  to  extract  time  series  in  the  theta  (4-7  Hz), 
alpha  (8-13  Hz),  and  beta  (14-35  Hz)  frequency  bands.  The  average  amplitude  in  each  band  is  then  computed  for 
each  electrode  (Ol,  02  here,  see  example  in  Figure  2). 

Secondly,  the  laser  system  records  vertical  displacement  with  a  resolution  of  13  pm  (i.e.  2o,  where  a  is 
the  standard  deviation  of  a  recording  on  a  stationary  target)  which  is  effectively  reduced  to  5  pm  after  filtering 
out  high  frequencies  (above  25  Hz,  FFT,  iFFT).  Data  are  transferred  to  Matlab  for  A/D  conversion  to  mm  given 
a  calibration  constant  (-3.97).  Position  and  velocity  data  (obtained  by  differentiation  of  the  raw  displacement 
data)  are  used  for  indexes  computation  in  time  and  frequency  domains  (Beuter  and  Edwards  1999;  Edwards  and 
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Beuter  2000)  allowing  the  characterization  and  the  examination  of  temporal,  frequential  and  morphological 
components  of  the  signals  (see  also  Legros  and  Beuter  2005;  Legros  and  Beuter  2006).  Here,  amplitude,  drift, 
median  frequency  and  frequency  concentration  are  computed  (see  Appendix  1  for  index  definitions  and  Figure  3 
for  an  example). 
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Figure  2:  From  the  top  to  the  bottom:  10  sec  of  Ol  EEG 
trace  and  corresponding  theta,  alpha,  beta  and  gamma 
components  respectively  extracted  using  FFT  and  iFFT. 
Averaged  amplitude  for  this  sample  are:  Theta  =  3.909 
pV,  alpha  =  2.485  pV,  beta  =  1.757  pV;  gamma  =  0.641 
pV. 


Frequency  (Hz) 

Figure  3:  Position  data  (top),  velocity  data  (middle) 
and  corresponding  power  spectrum  (bottom)  for  10 
sec  of  recording  during  MF  exposure  with  eyes  open 
(block  3).  The  computed  values  on  this  sample  are: 
Amplitude  =  0.032  mm;  drift  =  0.106  mm,  median 
frequency  =  7.04  Hz;  and  frequency  concentration  = 
6.31  Hz. 


Third,  postural  sway  data  are  exported  under  Matlab  and  converted  from  volts  to  COP  trajectories  (in 
meters)  using  a  calibration  matrix.  Through  the  inclusion  of  two  dimensional  trajectories  (X  vs.  Y),  the 
following  validated  characteristics  have  been  computed  (Despres  et  al.  2000;  Thomas  et  al.  2001a):  Mean  sway, 
sway,  velocity  and  sway  area  (see  Appendix  1  for  index  definition  and  Figure  4  for  an  example). 


Figure  4:  30  sec  of  postural  sway  recording  during  MF  exposure  (block  3)  with  the  eyes  are  closed.  The  smallest 
polygon  including  the  entire  trajectory  is  also  displayed.  The  computed  characteristics  on  this  sample  are:  Mean 
sway  =  0.53  cm;  sway  velocity  =  1.62  cm/sec,  sway  area  =  3.41  cm2. 

Preliminary  results 

For  3  of  the  8  subjects  who  have  completed  at  least  1  of  the  2  sessions  of  testing,  the  first  session  was  a 
real  exposure  condition.  Therefore  3  subjects  who  have  completed  the  sham  session  first  have  been  chosen  to 
afford  a  control  group  (i.e.  the  sham  condition),  which  allowed  providing  a  preliminary  assessment  of  the 
exposure  effects  on  their  behaviour.  According  to  the  small  sample  size  available  at  this  step,  a  simplified 
statistical  procedure  has  been  chosen,  focusing  on  the  data  acquired  in  the  block  1  (before  exposure)  and  the 
block  3  (during  exposure,  and  after  a  45  min  period  of  continuous  exposure,  see  Figure  1).  A  within-subject 
ANOVA  including  a  between-subject  factor  (sham  vs.  real)  have  been  conducted  on  each  of  the  above 
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mentioned  indexes:  ANOVA  2  (eyes  open  vs.  eyes  closed)  x  2  (blockl  vs.  block3)  x  2  (sham  vs.  real).  The  level 
of  significance  has  been  set  at  p  <  .05  and  no  adjustment  for  multiple  comparisons  has  been  applied. 

No  Block  main  significant  effect  has  been  found  either  for  EEG,  postural  tremor  or  postural  sway 
recordings.  However,  with  eyes  closed,  subjects  had  significantly  higher  EEG  alpha  activity  in  the  occipital 
region  (Ol:  F  =  24.85,  p  <  .01,  Eta2  =  .86;  02:  F  =  20.54,  p  <  .05,  Eta2  =  .83),  larger  and  faster  postural 
oscillations  (mean  sway:  F  =  17.38,  p  <  .05,  Eta2  =  .81;  sway  velocity:  F  =  51.47,  p  <  .005,  Eta2  =  .92;  sway  area: 
F  =  35.14,  p  <  .005,  Eta2  =  .89),  and  higher  index  finger  drift  (F  =  12.19,  p  <  .05,  Eta2  =  .75)  with  eyes  closed 
than  with  eyes  open.  No  interaction  effect  was  found. 

Discussion-Conclusion 

Preliminary  results  confirm  that  this  experimental  protocol  is  adapted  to  detect  subtle  changes  in  the 
neurophysiological  characteristics  investigated,  despite  the  small  number  of  subjects  tested  at  this  point.  Indeed, 
as  expected  we  observed  significant  differences  between  open  and  closed  eyes  conditions  in  EEG,  tremor  and 
postural  sway.  However  due  to  the  small  number  of  subjects  tested  we  did  not  detect  a  significant  effect  due  to 
the  presence  of  MF.  This  is  why  we  performed  a  sample  size  analysis. 

The  sample  size  calculation  for  2  independent  samples  with  common  variance  was  done  on  the  sway 
velocity  characteristic  because  this  is  the  lowest  p  value  for  the  interaction  block  x  sham/real  (F  =  .509,  p  =  .51, 
Eta2  =  .113).  In  the  present  configuration,  the  decrease  of  .072  cm/sec  observed  for  the  real  exposure  group 
would  be  significant  with  two  groups  of  34  subjects  (p  fixed  at  .05,  power  =  .80).  We  have  planned  to  test  a 
sample  of  n  =  70  subjects  which  should  be  sufficient  to  detect  the  MF  effects  on  the  characteristics  examined. 
We  have  to  keep  in  mind  that,  at  this  stage  of  the  study,  2  groups  of  subjects  were  evaluated.  However  in  the 
final  study  all  participants  will  have  been  tested  under  both  MF  conditions  with  a  counterbalanced  protocol.  This 
should  contribute  to  make  the  protocol  more  sensitive  to  subtle  effects  (reducing  the  impact  of  the  between- 
subjects  variability). 

The  results  presented  in  this  paper  are  only  partial  results  on  selected  tests  recorded.  They  will  be 
completed  by  heart  rate  frequency  and  variability,  blood  flow  perfusion,  alternating  movement  performance. 
Finally  data  acquisition  will  be  completed  in  2007. 
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Appendix  1 


Postural  tremor  characteristics: 

Amplitude:  Root  Mean  Square  (RMS)  of  position  time  series  centered  on  their  mean  (highpass  and  lowpass 
filtered,  between  2  and  25  Hz). 

Drift:  RMS  of  the  low  frequency  component  of  the  time  series  (below  .01  Hz),  quantifying  slow  movements  of 
the  finger. 

Median  frequency:  Determines  the  value  at  which  50%  of  the  power  spectrum  is  below  this  frequency,  and  50% 
is  above.  It  is  computed  on  the  power  spectrum  between  2  and  25  Hz. 

Frequency  concentration:  Quantifies  the  degree  of  organization  of  tremor  by  computing  the  width  of  the  interval 
containing  68%  of  the  power  of  the  spectrum  between  2  and  25  Hz. 

Postural  sway  characteristics: 

Mean  Sway:  Average  distance  between  the  geometric  center  of  all  recorded  forces  and  each  point  visited  by  the 
Center  of  Pressure  (COP)  during  a  test. 

Sway  Velocity:  Average  velocity  of  the  COP  displacements. 

Sway  Area:  Area  of  the  smallest  polygon  including  the  entire  trajectory  of  the  COP. 
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Abstract: 

Background:  Many  studies  have  showed  that  electromagnetic  field  decreased  WSSM. 

Objectives:  Effect  of  electromagnetic  fields  on  WSSM  investigated  on  rats. 

Materials  and  methods:  In  this  study  102  male  rats  with  weight  (225  ±  25)  gr  were  classified  in  17  groups  (n  =  6). 
They  were  addicted  by  morphine  injection  according  to  Pinelli  Method.  16  groups  of  them  exposed  to 
electromagnetic  fields  with  25,  50,  75  and  100  Hz  frequency  and  with  magnetic  field  0.5,  1.5,  2.5  and  3.5  G 
intensity.  One  group  was  chosen  as  control.  WSSM  jumping,  climbing,  rearing,  diarrhea,  weight  loss,  ptosis  and 
yawning  by  naloxone  injection  in  pretoon  (5mg/kg)  at  all  animals  were  investigated. 

Findings:  WSSM  were  obtained  by  counting  the  jumoing,  wawing,  alimbing,  rearing  and  the  ptosis,  diarrhea  were 
scrod  from  +1  to  +4.  Also  weight  losses  were  measured  in  all  groups. 

Results:  This  study  showed  that  magnetic  fields  caused  the  significant  decreased  on  waving,  ptosis,  weight  loss  and 
diarrhea  at  all  of  the  exposure  groups  (P<0.001).  Rearing  and  climbing  decrease  significantly  in  groups  that  exposed 
to  electromagnetic  fields  and  this  fields  with  25  Hz  frequency  and  0.5  G  intensity  have  minimum  and  with  100  and 
75  Hz  frequency  3.5  G  intensity  have  maximum  effects  on  WSSM. 

Keywords:  Electromagnetic  field.  Withdrawal  syndrome  signs.  Morphine,  Rat. 

Introduction: 

About  the  role  of  electricity  for  curing  addiction,  some  studies  have  been  performed  as  bellow  that  about  the 
laboratorial  addicted  animal  has  been  used  so  that  two  metal  electrodes  have  been  touched  around  the  two  sides  of 
its  body,  so  that  it  would  be  done  under  special  condition,  and  this  action  must  be  done  daily  for  several  times.  This 
action  is  called  Transcutanous  Electrical  Nerve  Stimulation  or  TENS.  And  according  to  the  Frequency  and  Voltage 
that  is  given  two  kinds  of  TENS  can  be  done  so  that  the  low  TENS  and  high  TENS  would  have  electrical  changes  in 
the  epidictic  system  in  this  case  this  currency  of  addiction  would  be  activated  and  then  released.  So  if  TENS  be 
given  to  an  addicted  animal  to  morphine  many  of  the  signs  in  this  field  would  be  removed  (1,2).  In  the  recent  years, 
the  electromagnetic  fields  (EMF)  in  the  medical  sciences  have  many  usages  and  they  have  indicated  that  the  resulted 
energy  from  this  field  for  curing  the  wound,  reduction  of  all  the  kinds  of  pain  can  be  effective,  in  a  way  that  today 
the  electromagnetic  fields  have  found  an  important  place  as  the  alternative  medicine  and  then  they  are  mentioned 
like  that. 

Naturally  the  electromagnetic  waves  by  high  TENS  would  have  some  effects  to  the  talent  and  focusing  point 
and  they  would  reduce  the  memory.  Anyway  in  the  animal  tests  it  has  been  shown  that  the  actions  of 
electromagnetic  fields  in  the  addicted  mice  to  morphine  would  cause  the  reduction  of  the  signs  of  Syndrome 
especially  for  pain  (3).  The  electromagnetic  waves  have  some  effects  to  the  channels  in  the  brain  and  also  the 
environmental  tissues  would  cause  some  changes  in  the  physiological  operation  and  the  operation  of  these 
hormones,  neurotransmitters,  and  some  other  medicine  effects  that  strongly  are  related  to  the  tissue  of  mind  (4). 
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According  to  the  last  information  of  National  Center  for  Complementary  Alternative  Medicine!  NCCAM)  National 
Institute  of  Health!  NIH)  the  subsistent,  electrical,  magnetic,  methods  and  electromagnetic  fields  and  the  electrical 
stimulations  the  nervous  stimulation  methods  have  been  replaced(5).  Some  of  the  researchers  about  the  role  of 
electromagnetic  in  the  addiction  to  morphine  have  provided  some  reports  that  would  reduce  the  signs  of  dependency 
role,.  They  believe  that  the  serotonin  and  triptophan  surfaces  and  Hydroxide  indol  astic  acid  during  the 
electromagnetism  would  be  increased  and  following  it  some  changes  in  some  of  the  channels  that  are  calcium  in  the 
brain  (3).  Some  reports  have  been  available  that  during  electromagnetic  therapy  beta  endorphins  were  increased. 
And  this  action  will  prevent  the  occurrence  of  syndrome  in  the  body  (3).  It  is  possible  that  the  increase  of  endorphin 
system  and  the  increase  of  chemical  materials  in  the  brain  be  released  (3).  The  last  research  of  Magnet  Therapy  has 
caused  the  reduction  of  pain  in  the  Post-Polio  patients  and  this  kind  of  therapy  has  little  third  effects  (6).  One  of  the 
usages  of  electromagnets  is  during  the  time  of  intensified  pain.  In  the  northern  America  the  expenditures  more  than 
10  to  15  thousands  dollars  for  the  reduction  of  pain  for  each  person  is  used.  17  %  of  the  population  over  15  suffer 
from  the  pain  that  they  get  from  the  daily  activities  and  in  the  United  States  of  America  about  93  millions  dollars 
daily  and  more  than  5  milliards  dollars  per  year  would  be  wasted  for  this  purpose(7).  Some  evaluations  would  be 
done  in  the  static  and  some  channels  that  are  similar  to  each  other.  Many  researches  about  Pulsed  Electromagnetic 
Filed  have  been  done  for  reduction  of  pain  and  the  provided  results  indicate  the  following  effects: 

1.  Increase  of  pain  field 

2.  Activation  of  anti-contagious  system 

3.  Stimulation  of  producing  aphetic  points 

4.  Betterment  of  blood  currency  and  the  resulted  effects  of  it  including  the  increase  of  oxygen  transferring  and 
etc. 

5.  Improvement  of  blood  thickness 

6.  Betterment  of  metabolism  in  the  brain 

7.  Improvement  of  the  movement  of  blood  in  body  and  brain 

Pain  is  the  important  parameter  that  caused  to  become  addicted  patients.  Some  of  researches  showed  that  nerve 

systems  affected  by  PEME  curing  (8). 


Materials  and  methods 

In  this  study  102  rat  with  200-250g  weight  were  divided  in  17  group  (n=6).  That  each  group  contains  6 
muse.  And  these  groups  were  Group  one  considers  as  the  control  group  and  the  groups  2-17  as  study  groups  that 
were  expose  to  magnetic  field  as  below  detail. 

Group2  (B=  0.5G,  F  =  100Hz),  Group  3(B=  1.5G,  F  =  100Hz),  group  4(B=  2.5G.  F  =  100Hz) 

Group  5(B=  3.5G,  F  =  100Hz),  Group  6  (B=  0.5G,  F=75Hz),  Group  7(B=1.5G.F=  75Hz) 

Group  8(B=2.5G,  F=75Hz),  Group9  (B=  3.5G,  F  =  75Hz),  Group  10  (B=  0.5G,  F  =  50Hz) 

Group  1 1  (B=  1.5G,  F=50Hz),  Groupl2  (B=2.5G,  F  =  50Hz),  Groupl3  (B=3.5G,  F  =  50Hz) 

Group  14  (B=  0.5G,  F  =  25Hz),  Groupl5  (B=1.5G,  F=25Hz),  Groupl6  (B=2.5G,  F=  25Hz),  Group  17  (B=  3.5G.  F  = 
25  Hz) 

The  animals  were  addicted  according  to  Poinelli  Method,  and  then  animals  of  16  groups  as  mention  above  condition 
were  exposed  to  magnetic  field  for  30  minutes. 

The  syndrome  signs  of  morphine  stop  were  studied  after  Naloxone  injection  in  pretoon.  Jumping,  Rearing, 
Climbing,  yawning,  diarrhea  and  ptosis,  as  syndrome  signs  were  studied  in  this  research  after  2  hour  naloxone 
injection.  In  this  research  we  used  the  analyze  variance,  Dunnet  and  crouscal  valis  for  data  analyzing. 


Findings 

Seven  signs  for  the  stopping  point  of  morphine  in  all  the  groups  were  considered.  The  most  important  sign  was 
jumping,  the  number  of  Jumping  in  the  groups  17,  16,  15,  12,  11  and  10  not  only  was  not  reduced  but  also  ratio  to 
other  groups  were  more.  In  the  groups  2,  6,  8,  13  and  14  the  number  of  jumping  was  reduced  but  this  reduction  was 
not  so  much.  In  the  groups  3,  4,  5,  7  and  9  the  reduction  of  jumping  was  observed  and  it  was  so  much  in  a  way  that 
in  the  groups  5  and  9  P<  0.001  was  observed.  In  the  groups  4th  and  7th  P<  0.01  and  in  the  3ld  group  P<0.05  was  seen. 
Except  the  group  14  and  15  which  the  reduction  was  so  much.  In  the  9th  group  more  than  other  groups  the  reduction 
could  be  seen  and  it  was  as  p<0.001.  In  all  the  groups  the  magnetic  field  except  the  group  4th  has  an  important 
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reduction  which  was  P<  0.001.  In  the  groups  9  and  12  the  reduction  was  more  than  other  groups.  In  the  group  10,  14 
and  15  there  was  not  so  much  reduction  but  in  the  other  13  groups  the  reduction  was  so  much.  In  way  that  other  14 
groups  had  the  weight  reduction  by  p<  0.001.  The  little  weight  for  reduction  in  the  second  and  fourth  groups  is 
shown  in  the  diagram  2.  Generally  it  can  be  stated  that  the  lesser  response  was  in  the  groups  5th  and  9th  which  had 
the  best  operation  and  the  response  would  be  provided. 


Discussion 

Present  study  showed  that  magnetic  field  with  various  intensity  and  frequency  have  affected  on  syndrome 
signs  of  morphine  stop  in  rat  magnetic  field  decrease  jumping  in  exposure  groups(3.4,  5,7,9)  and  also  decries 
rearing  in  exposure  groups  (  2-13  ,  16  ,  17)  significantly  (P<0.05).This  study  showed  the  magnetic  field  with  various 
condition  cause  to  reduce  syndrome  sings  of  morphine  stop  in  rat  such  as  climbing,  yawning.  Ptosis,  diarrhea  and 
weight  significantly  (P  <  0.05). The  magnetic  field  affected  on  the  number  of  jumping  depend  on  intensity, 
frequency  and  time  exposure. 

Morphine  is  an  alkaline  material  and  ionizes  in  body.  The  ionized  form  of  morphine  can’t  pass  the  Blood  Brian 
Barrier  (B.B.B),  the  magnetic  field  caused  to  ionizing  the  acidic  and  alkaline  drug  (9)  for  this  reason  the  magnetic 
field  can  reduce  the  syndrome  signs  of  morphine  stop.  The  result  of  this  study  showed  that  the  magnetic  field  with 
high  frequency  and  high  intensity  reduce  the  syndrome  signs  of  morphine  in  rat.  This  reduction  can  explain  by  this 
reason. 

1-  Increase  the  polarity  of  Naloxone 

2-  Alteration  of  receptors  instruction 

3-  Reduction  of  morphine  in  brain  cells 

This  study  showed  that  rearing  and  climbing  reduced  significant  in  exposed  groups  (P<0.05).We  think  that 
these  reduction  is  because  of  increase  the  induction  and  releasing  the  androgen  peptides  opiate  and  alteration  of 
nerve  mediator  induction  and  releasing  such  as  dopamine,  glutamate,  serotonin,  Spartant.This  nerve  mediator 
affected  to  jumping,  another  study  showed  that  Spartant  system  can  increase  the  jumping  in  rat(10).Also  other 
researcher  showed  that  the  electromagnetic  field  caused  to  induction  and  releasing  the  acetylcholine  in  animals 
cells(ll).In  this  study  we  showed  that  magnetic  field  didn’t  have  any  effect  on  weight  loss  and  this  finding 
accompany  with  our  result  of  previous  study(l).The  magnetic  field  with  high  frequency  and  high  intensity  decrease 
diarrhea  but  acetylcholine  and  piocarpin  increase  diarrhea(12).  By  considering  the  results  of  this  study,  we  obtained 
that  magnetic  field  reduce  the  cholinergic  system  and  acetylcholine  in  brain  cells  and  also  other  reports  indicated 
dopamine  has  affected  on  climbing  and  yawning  (13,14,15).  According  to  results  of  others  study  we  can  guess  the 
electromagnetic  field  increase  serotonin  and  dinorphine  and  decrease  dopamine  and  acetylcholine. 
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Abstract 

The  European  directive  2004/40/CE  on  the  minimum  health  and  safety  requirements  regarding  the 
exposure  of  workers  to  the  risks  arising  from  electromagnetic  fields,  based  on  ICNIRP  guidelines  for 
occupational  exposure,  is  presented  and  commented.  The  resulting  needs  for  computational  assessment  of 
workers’  exposure  in  terms  of  dosimetric  quantities  is  considered  and  discussed. 

I.  The  European  Directive  2004/40/CE 

The  directive  2004/40/CE  [1],  on  the  minimum  health  and  safety  requirements  regarding  the  exposure 
of  workers  to  the  risks  arising  from  electromagnetic  fields,  has  been  issued  in  the  European  Official  Journal  on 
May  25,  2004,  as  the  18th  individual  directive  within  the  meaning  of  framework  directive  on  health  and  safety  at 
work  (391/89/EEC).  The  EMF  directive  follows  the  publication  of  directives  on  other  physical  agents,  namely 
2002/44/CE  on  vibration  and  2003/1 0/CE  on  noise.  The  aim  of  the  directive  is  the  protection  from  established 
adverse  effects  caused  by  induced  currents  and  by  energy  absorption,  as  well  as  by  contact  currents.  Suggested 
long-term  effects  are  not  addressed,  due  to  the  lack  of  conclusive  scientific  evidence.  The  directive  lays  down 
minimum  requirements  giving  EU  member  states  the  option  of  maintaining  or  adopting  more  favourable 
provisions  for  the  protection  of  workers.  Like  in  the  previous  directives  on  physical  agents,  the  framework  is 
based  on  the  definition  of  "exposure  limit  values"  and  "action  values".  The  exposure  limit  values  can  never  be 
exceeded,  whereas  the  action  values  are  levels  at  which  the  employer  must  undertake  technical  or  organizational 
measures  to  reduce  exposure.  The  numerical  definition  of  such  values  is  based,  respectively,  on  basic  restrictions 
(dosimetric  quantities)  and  reference  levels  (unperturbed  fields)  established  for  the  workers  in  the  relevant 
guidelines  of  the  International  Commission  on  Non-Ionizing  Radiation  Protection  (ICNIRP)  [2].  The  directive 
claims  the  employer  to  give  particular  attention  to  any  indirect  effects,  such  as  interference  with  medical  devices 
like  cardiac  pacemakers,  and  adapt  risk  assessment  and  mitigation  measures  for  workers  at  particular  risk. 
Member  states  have  to  transpose  the  directive  into  national  law  within  April  2008. 

Directive  2004/40  CE  claims  the  employer  to  a  specific  risk  assessment,  and  to  verify  the  respect  of 
limits  of  exposure  that  are  expressed  in  terms  of  dosimetric  quantities,  induction  of  current  and  Specific 
Absorption  Rate  (SAR).  Such  evaluation  is  achievable  only  by  means  of  simulation  computational  methods,  and 
in  fact  the  directive  often  refers  to  calculations.  Moreover,  the  directive  shall  be  taken  into  account  in  the 
definition  of  product  standards  for  special  families  of  equipment  emitting  EMFs,  to  be  used  at  the  workplace. 
Compliance  verification  of  the  basic  limits  by  calculations  calls  for  the  use  of  proper  numerical  methods  able  to 
solve  Maxwell's  equations,  in  combination  with  high  resolution  models  of  worker’s  body,  and  satisfactory 
representation  of  sources  and  workplace  environment. 

II.  Computational  exposure  assessment  for  workers  -  Critical  points 

As  information  technology,  numerical  methods  are  increasing  and  developing  very  rapidly.  Application 
to  more  and  more  complex  problems  is  expectable,  like  multiple  sources  and  complex  environments,  but  the 
reliability  of  results  critically  depends  on  the  representation  of  the  real  problem;  any  obtainable  result  refers  in 
fact  to  the  representation  scenario  and  not  to  the  actual  problem,  otherwise  than  in  situ  field  measurements. 

Many  of  the  available  numerical  methods,  that  are  listed  in  [3],  are  implemented  on  commercial  SW 
packages  mostly  developed  by  research  teams,  provided  with  digital  human  body  models  and  CAD  tools  able  to 
realistically  represent  sources  and  environment.  A  lot  of  scientific  work  and  applications  have  been  developed, 
mostly  addressed  to  relatively  simply  exposure  evaluations,  like  in  the  case  of  mobile  phones  (head)  or  base 
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stations  and  broadcasting  (whole  body),  and  specific  standards  for  calculations  have  been  issued  by  CENELEC 
and  IEC,  but  extensive  application  to  more  complex  occupational  exposures  has  not  been  carried  out  yet,  due  to 
lower  public  and  authority  concern. 

All  simulation  packages  and  components  are  affected  by  limitations,  advantages  and  disadvantages,  so 
that  the  proper  choice  in  a  given  situation  may  not  be  easy.  The  duration  of  calculation  is  one  aspect  to  be 
considered  in  relation  with  the  efficiency  of  the  representation.  Concerning  human  body  models,  the  knowledge 
of  dielectric  properties  of  human  tissues  is  still  affected  by  gaps  especially  at  low  and  intermediate  frequencies 
range,  and  the  available  models  only  refer  to  very  simple  postures  (erect),  even  if  in  occupational  exposures  the 
posture  of  the  workers  may  be  very  complex.  Methods  have  been  introduced  for  scaling  and  obtain  different 
body  postures  but  results  need  to  be  carefully  validated  in  a  wide  number  of  conditions. 

III.  Needs  for  computational  exposure  assessment  -  Discussion 

The  provisions  from  Directive  2004/40/CE  pose  the  need  to  answer  to  some  basic  questions,  and 
identify  a  logical  pathway  in  order  to  manage  the  dosimetry  problem.  A  basic  question  is  to  address  when 
numerical  dosimetry  must  be  invoked  in  EMF  occupational  risk  assessment.  The  first  case  is  a  condition  where 
reference/action  levels  are  exceeded,  but  basic/exposure  limits  are  probably  not.  Such  condition  may  occur  for 
instance  in  the  case  of  RF  fields  strictly  confined  close  to  the  source,  similarly  to  head  exposure  from  a  mobile 
phone.  A  second  case,  to  be  carefully  considered,  deals  with  compliance  with  local  basic  restrictions.  Guidelines 
of  ICINIRP  [2]  clearly  states  that:  "the  reference  levels  are  intended  to  be  spatially  averaged  values  over  the 
entire  body  of  the  exposed  individual,  but  with  the  important  proviso  that  the  basic  restrictions  on  localized 
exposure  are  not  exceeded".  In  other  words,  reference/action  levels  are  able  to  guarantee  compliance  with  body 
averaged  SAR  but  don't  assure  compliance  with  restrictions  on  local  SAR,  which  is  however  crucial  when  the 
source  is  very  close  to  the  worker  and  directly  coupled  to  the  body.  In  the  frequency  range  10  MHz  -  110  MHz, 
where  the  electromagnetic  energy  is  mostly  absorbed  inside  legs  and  limbs,  ICNIRP  Guidelines  [2]  and 
Directive  2004/40/CE  provide  a  reference/action  level  for  feet  current  that  is  helpful  in  order  to  verify 
compliance  with  local  SAR  limits  in  the  limbs.  On  the  opposite  hand,  in  the  "hot  spot"  frequency  range  (400 
MHz  -  3  GHz)  localized  peaks  of  energy  absorption  may  concern  internal  organs,  and  in  such  condition  the 
assessment  of  local  SAR  by  means  of  numerical  dosimetry  should  be  recommended  even  when  the  exposure 
levels  (as  spatially  averaged  values  over  the  body)  approach  the  reference/action  levels. 

Another  critical  point  to  be  addressed  is  the  accuracy,  or  approximation,  of  the  representation  of  the 
exposure  problem.  This  point  needs  consideration  on  sources  characteristics,  human  model,  but  the  surrounding 
work-place  must  be  taken  into  account  too,  especially  in  the  case  of  presence  of  metal  objects  or  structures.  The 
choice  of  proper  resolution  of  the  human  model  is  crucial  again;  too  low  resolution  could  lead  to  unreliable 
results,  but  too  high  one  could  overload  computational  time  and  HW  resources. 

As  a  matter  of  fact  occupational  exposure  assessments  based  on  numerical  methods  are  very 
complicated  and  require  high  level  education,  to-date  available  only  in  research  centres  or  institutes.  The 
possibility  of  practical  use  of  numerical  modeling  by  the  employers  for  real  cases  in  working  environment  seems 
to  be  very  limited,  in  contrast  to  the  relatively  effective  use  of  such  technique  for  large  scale  manufacturing  in 
standardized  condition,  bearing  in  mind  however  that  occupational  exposure  patterns  are  much  more 
complicated  than  general  public  ones  (e.g.  SAR  in  the  head  with  mobile  phones),  and  standardization  bodies 
should  carefully  consider  it. 

Simplified  models  could  be  useful  for  performing  rough  assessment  on  occupational  EMF  sources  and 
workers’  exposure  levels.  Worst-case  models  could  be  used  as  intermediate  step  between  field  measurements 
and  refined  dosimetry.  To  such  aim,  extensive  comparisons  of  standard  case-studies  should  be  carried  out, 
analyzing  the  performance  of  simplified  models  compared  to  more  sophisticated  ones. 
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The  new  EU  directive,  2004/40/EU,  issued  on  occupational  exposure  to  electromagnetic  fields  (EMF),  calls  for 
occupational  risk  assessment  and  implementation  in  the  EU  states  national  occupational  safety  and  health 
regulations  before  April  2008.  Commonly,  workers  are  exposed  to  EMF  with  a  mixture  of  different  frequencies. 
In  most  cases  the  exposure  levels  are  low  and  not  in  conflict  with  the  new  directive.  However,  some  work 
situations  or  occupations  need  special  attention  due  to  risk  of  high  exposure.  Following  the  protocol  in  the 
directive,  workers  exposure  to  EMFs  should  be  estimated,  measured  or  calculated  depending  on  type  of 
workplace  and  possible  risk  of  over  exposure.  One  of  the  assigned  issues  in  the  EMF-NET  MT2  group  is  to 
identify  work  situations  that  might  be  in  conflict  with  the  new  EU  directive.  In  this  review,  a  number  of  work 
situations  where  there  is  a  risk  of  high  EMF  levels  will  be  presented  and  a  few  examples  are  listed  below. 

At  electrolytic  processes  static  magnetic  field  levels  at  the  operator's  location  can  be  about  8-15  mT  with  an  AC 
rectification's  component  about  30  %.  The  fundamental  frequency  is  usually  50-300  Hz. 

Magnetic  resonance  imaging  systems  use  magnets  typically  from  0.05  T  to  about  3  T.  In  addition  to  static 
magnetic  fields,  RF  fields  (10-100  MHz)  and  rapidly  changing  gradient  magnetic  fields  occur  in  pulse  sequences 
within  MRI  equipment.  The  time  derivatives  of  gradient  fields  (dB/dt)  affecting  patients  vary  typically  from  1-3 
T/s,  and  exposure  of  staff  to  EMF  can  be  significant  inside  treatment  rooms  surrounding  MRI  equipment.  The 
maximum  exposure  level  is  about  1  T  in  front  of  the  magnet,  and  nurses/technicians  staying  with  patients  can  be 
exposed  to  magnetic  flux  densities  up  to  0.2  T,  approaching  the  protection  guideline.  In  the  case  of  performing 
professional  activities  very  close  or  inside  the  magnet's  tube,  workers  can  be  exposed  to  higher  fields  (up  to  1  -2 
T),  e.g.  during  adjutancy  or  plugging  in  RF  cables  of  treatment  coils,  or  device  cleaning. 

Transcranial  magnetic  stimulation  or  repetitive  transcranial  magnetic  stimulation  (TMS/rTMS)  is  currently  being 
used  in  treatments  of  the  central  nervous  system  diseases,  for  instance,  depressive  states.  During  the  treatment 
the  therapeutic  staff  is  exposed  to  a  pulsed  100  kHz  magnetic  field  that  might  exceed  the  reference  values  in  the 
EU  directive.  The  time  derivative,  in  some  of  the  measured  tests,  was  in  the  order  of  kT/s ! 

Operators  of  induction  furnaces  and  heaters  are  highly  exposed  to  magnetic  fields.  At  a  distance  of  1  meter  from 
a  1-10  kHz  heating  equipment,  flux  densities  typically  range  from  0.03  to  0.5  mT,  and  may  reach  5  mT  at  10  cm. 
Measurements  of  devices  operating  at  50  Hz,  have  shown  that  at  a  distance  of  20  cm  the  flux  density  of  the  field 
might  exceed  5  mT.  At  a  distance  of  several  meters  0.1  mT  have  been  measured.  The  reference  values  in  the  EU 
directive  (30.7  pT  for  1-10  kHz  and  500  pT  for  50  Hz)  are  exceeded  during  work  procedures  close  to  furnaces. 

Welders  are  one  of  the  occupations  that  are  highly  exposed  to  EMF  and  thereby  in  conflict  with  the  new  EU 
directive.  Arc  welding  uses  high  electric  currents  up  to  several  hundreds  of  Amperes.  The  current,  provided  by 
the  welding  power  source,  flow  through  the  torch-cable  and  torch  to  the  welding  arc,  and  into  the  workpiece  and 
back  to  the  power  source  via  the  ground  cable.  This  provides  a  source  for  magnetic  field  to  which  the  worker  is 
exposed  during  the  welding  process  as  the  cable  can  touch  the  welder  or  even  be  wrapped  around  the  shoulder  of 
the  welder.  Magnetic  flux  densities  are  about  1  mT  at  the  surface  of  the  welding  cable  and  power  supply, 
exposing  the  welders  to  strong  ELF  fields,  (ref) 

Glue  dryers  in  the  wood  industry  and  plastic  welders  are  using  RF  energi  by  applying  a  strong  RF  current 
between  metal  electrodes.  The  output  powers  range  from  1  to  200  kW  at  the  ISMfrequencies  of  13.56,  27.12  or 
40.68  MHz.  Most  plastic  sealers  are  operated  manually  and  require  the  presence  of  the  operator  close  to  the  RF 
electrodes.  In  some  applications,  pieces  of  plastic  materials  to  be  heated  must  be  held  by  hand,  so  that  the 
operator's  hands  will  be  highly  exposed  to  RF  fields.  Electric  field  strengths  range  in  areas  of  operators  typically 
from  1  to  300  V/m,  and  magnetic  fields  from  0.1  to  20  A/m,  respectively. 
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Broadcast  stations  are  using  high  RF  energy  intentionally  radiated  into  the  air.  Typical  maximum  radio  and  TV 
transmitting  powers  fed  to  the  antennas  are  about  500  kW  for  LF,  MF  and  HF  antennas  and  10-50  kW  for  VHF 
and  UHF  antennas.  Since  the  antennas  are  mounted  near  the  top  of  a  mast  at  the  height  of  over  200  m,  the 
exposure  levels  at  the  ground  level  are  very  low,  but  the  occupational  exposure  can,  however,  be  high  during 
maintenance  and  installing  work  inside  a  mast,  and  special  precautionary  actions  has  to  be  taken. 

A  mobile  phone  base  station  emit  RF  fields  in  the  range  450-2200  MHz.  With  a  maximal  output  power  of  let  say 
50  W  the  EU  directive  might  be  exceed  within  a  couple  of  dm  in  front  of  the  antenna.  In  other  positions  or  at  a 
longer  distance  from  the  antenna  there  is  no  conflict  with  the  directive. 
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Abstract 

The  presentation  is  based  on  analysis  of  the  fundamental  problems  defined  for  the  use  of  numerical  calculations 
for  workers  exposure  assessment  in  real  occupational  situations.  The  examples  of  data  from  workplaces  in  the 
vicinity  of  LF  or  IF  sources  will  be  presented,  focusing:  space  distribution  of  EMF,  complex  characteristics  of 
the  frequency  content,  workers  activities/moving  in  the  workplace,  field  impedance,  etc.,  as  well  as  discussion 
concerning  situations  when  the  use  of  calculations  is  required. 

Keywords:  EMF  exposure,  exposure  assessment,  numerical  calculations,  low  frequency,  intermediate  frequency 

1.  Introduction 

Electromagnetic  field's  (EMF's)  exposure  assessment  adequate  to  the  real  exposure  level  is  the  crucial  step 
towards  appropriate  risk  assessment  for  occupational  safety  and  health  (OSH)  engineering,  epidemiological 
studies  of  EMF-exposed  groups,  environmental  monitoring.  The  highest  requirements  concerning  detailed  EMF 
exposure  assessment  come  from  the  legislations  concerning  mandatory  control  of  occupational  or  environmental 
EMF  exposure,  e.g.  European  Directive  on  workers  EMF  exposure  limitation. 

The  provisions  of  the  Directive  2004/40/EC  permit  the  employer  to  use  exposure  level  (external  measures  of 
exposure  like  electric  and  magnetic  field  strength,  E  and  H)  or  dosimetric  quantities  (internal  measures  of 
exposure  results  like  induced  current,  /,  and  Specific  Absorption  Rate,  SAR)  for  the  mandatory  risk  assessment. 
In  the  case  of  EMF  of  low  and  intermediate  frequencies  (LF  and  IF)  the  basic  internal  measure  used  for  exposure 
assessment  is  induced  current  density  in  head  and  torso.  IEEE  standards  offer  also  the  use  of  E  field  induced  in 
exposed  tissues.  Both  parameters  can  be  used  till  low  MHz  frequencies.  The  use  of  internal  measures  require 
numerical  calculations  and  detailed  analysis  and  interpretation  of  data  obtained  from  modeling. 

EMF  from  LF  and  IF  range,  affecting  workers  are  usually  so-called  near  fields.  The  impedance  of  such  fields 
(the  ratio  of  electric  fields  strength  to  magnetic  field  strength)  is  defined  by  the  technical  properties  of  the  EMF- 
source-worker-body  system.  Electric  voltages  and  currents  in  the  electric  device,  producing  EMF  play  important 
role,  but  in  many  cases  also  the  direct  coupling  between  workers  body  and  EMF  source  modify  the  exposure 
conditions.  The  sources  of  high  level  of  EMF  exposure  to  time-varying  LF  or  IF  fields  are  basically:  high 
voltages  power  distribution  systems,  welding  devices,  industrial  induction  heating  devices,  electro  surgery 
devices.  In  consequences  the  most  important  external  measure  of  exposure  is  magnetic  field  strength  (or 
magnetic  flux  density)  assessed  following  the  frequency-dependent  exposure  limitation  in  the  case  of  very  huge 
number  of  welding  and  induction  heating  devices.  Significant  exposure  to  electric  component  can  be  found  in 
practice  in  the  vicinity  of  high  voltage  electricity  distribution  systems.  The  most  complicated  situation  can  be 
found,  when  both  components  (E  and  II)  should  be  consider,  especially  when  the  field  impedance  can  varying 
significantly  during  the  application,  as  in  the  case  of  electro  surgery  use. 

For  the  practical  EMF  exposure  assessment  at  workplace,  first  of  all  it  should  be  discussed  when  it  is  acceptable 
to  make  the  EMF  exposure  assessment  by  spot  measurements  with  a  broad-band  RMS  meter  (i.e.  the  most 
convenient  and  less  expensive  method).  For  the  other  situations,  it  should  be  decided  the  use  of  more 
complicated  (and  more  expensive)  exposure  assessment  method:  more  detailed  measurements  or  dosimetrical 
calculations. 

2.  Method 

Professional  activities  of  authors  is  focused  on  the  detailed  analysis  of  occupational  EMF  exposure 
characteristics  in  various  enterprises  and  application  of  EMF  measurements  and/or  numerical  calculations 
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technique  for  workers  exposure  assessment.  The  presentation  is  based  on  analysis  of  the  fundamental  problems 
defined  for  the  use  of  numerical  calculations  for  workers  exposure  assessment  in  real  occupational  situations. 

3.  Results 

Electromagnetic  field  (EMF)  in  the  workplace  has  often  very  specific  characteristics  in  comparison  with  the 
fields  from  general  environment.  In  working  conditions  not  only  the  locations  of  the  EMF  source  and  worker's 
body,  but  also  the  geometry  of  the  source,  frequency  and  level  of  produced  EMF  in  its  vicinity,  can  change 
significantly,  exposure  level  can  be  high,  even  exceeding  international  safety  guidelines. 

The  analysis  of  detailed  data  obtained  from  various  work  place  and  experience  with  the  numerical  calculations 
modeling  realistic  exposure  scenarios  for  the  assessment  of  the  exposure  following  the  internal  measures' 
limitations  have  shown  a  number  of  practical  problems,  identified  for  the  worker's  exposure  assessment. 

In  the  most  of  cases  of  high  level  exposure  of  workers  to  LF  or  IF  EMF,  their  professional  activities  need  hand 
operation  of  the  EMF  sources.  For  the  exposure  assessment  of  such  cases  the  modeling  of  realistic  posture  of 
worker's  body  and  possible  simplifications  of  it  to  reduce  the  complication  and  costs  of  exposure  assessment 
process  is  of  high  priority.  Important  question  is  on  the  exposure  assessment  of  hands,  especially  while  hand- 
operating  of  EMF  sources  of  high  level.  The  use  of  calculations  for  exposure  assessment  in  FF  and  IF  band  is 
more  difficult,  that  RF  (with  huge  experience  obtained  from  mobile  phones  research)  because  of: 

-  the  lack  of  models,  transferable  from  one  software  to  other  one,  representing  realistic  EMF  occupational 
sources,  already  verified  by  reference  data  from  workplaces  and  taken  as  standardized  models 

-  the  lack  of  well  verified  data  on  electrical  properties  of  various  elements  of  workplace,  as  shoes,  floor  cover, 
furniture's,  etc. 

-  relatively  small  number  of  the  scientific  data  concerning  human  body  models,  electrical  properties  of  tissues, 
numerical  calculations  procedures,  etc.  for  the  assessment  of  IF  fields. 

For  the  wider  use  of  numerical  calculations  for  the  assessment  of  workers  EMF  exposure,  it  is  of  high  priority  to 
obtained  well  verified  scientific  data  concerning 

-  the  possibility  to  use  simplified  numerical  models  of  working  places  and  EMF  exposure  conditions 

-  the  uncertainty  of  exposure  assessment  for  checking  the  compliance  with  the  Directive 

-  the  role  of  frequency  components  within  the  exposure  assessment  procedures 

-  the  assessment  of  pulsed  fields,  especially  in  the  case  of  hand-operated  devices,  when  the  repetition  time  of 
pulses  is  not  fixed. 

The  practical  use  of  numerical  calculations  for  the  EMF  exposure  assessment  is  also  problematic  because  it  was 
not  defined  when  various  software  packages  can  be  use,  and  non  of  currently  available  software  is  specialized 
for  workers  exposure.  Additionally,  a  few  commercial  human  body  models  are  applicable  for  selected 
specialized  software  only.  Separate  problem  is  the  calculations  of  induced  and  contacts  currents,  which  can  be 
also  measured. 

4.  Conclusion 

The  use  of  internal  measures  of  exposure  results  for  risk  evaluation  is  possible  only  by  simulation  computational 
methods,  with  the  use  of  adequate  representation  of  the  workplace  environment  and  worker’s  body  models.  Such 
calculations  for  particular  exposure  situations  require  highly  skilled  professionals  and  specialized  software.  The 
modeling  of  real  exposure  scenario,  validation  of  calculations  result  and  interpretation  of  obtained  data  is  usually 
very  time-consuming  and  currently  achievable  by  research  centers  only.  These  are  reasons  why,  the  possibility  of 
practical  use  of  numerical  modeling  by  the  particular  employers,  especially  from  SMEs  is  very  limited  in 
contrast  to  the  relatively  effective  use  of  such  technique  for  large  series  manufacturing  (e.g.  common  use 
electrical  devices,  like  mobile  phones  handsets).  In  this  respect,  the  question  arises  if  more  simple  models  are 
powerful  enough  for  performing  roughly  assessment  of  the  occupational  EMF  sources  and  workers  exposure 
level,  while  every  day's  occupational  safety  and  health  practice. 
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Introduction 

Exposure  assessment  of  electromagnetic  fields  is  a  topic  that  gets  more  importance  every  day,  especially 
related  to  Directive  2004/40/EC  and  EC  Recommendation  1999/519.  The  complexity  of  interaction 
between  electromagnetic  fields  and  human  body  makes  any  kind  of  analysis  (theoretical-analytical, 
numerical,  experimental)  difficult.  In  an  actual  multi-source  radiofrequency  environment  situation  is  even 
worse,  due  to  a  consequent  complex  distribution  of  electromagnetic  fields. 


Method 

Issues  related  to  actual  RF  environment,  specifically  related  to  multi-frequency,  multi-source  environment 
require  sound  analysis.  The  number  of  issues  is  even  bigger  in  the  indoor  environment,  where  a  building 
structure  influences  the  electromagnetic  field  distribution.  In  such  environment  a  number  of  reflections 
exist,  which  forms  a  complex  environment  of  standing  waves.  Thus,  it  is  necessary  to  perform  a  detailed 
analysis  of  the  field  distribution. 

The  field  distribution  is  the  first  step  in  performing  exposimetry  analysis,  as  well  as  dosimetry  analysis. 


Results 

The  results  of  exposimetry  and  dosimetry  analysis  indicate  the  issues  addressed  by  the  process,  especially 
related  to  uncertainty  of  the  analysis.  The  concerned  sources  are  wireless  communications  devices,  i.e., 
mobile  telephony,  Bluetooth  and  wireless  LAN  devices,  which  are  located  in  the  indoor  and  outdoor  space. 
The  devices  in  the  outdoor  space  are  treated  by  analytical  methods,  whereas  in  the  indoor  space,  it  is 
impossible  to  perform  even  exposimetry  analysis  without  a  numerical  tool. 


Conclusion 

The  complete  dosimetric  and  exposimetric  analysis  of  the  human  body  in  electromagnetic  fields  can  be 
performed  only  by  a  numerical  analysis.  The  needs  and  necessary  requirements  of  the  analysis  for  a  full 
application  for  existing  legislative  acts,  especially  for  Directive,  are  related  to  the  complex  electromagnetic 
environment  which  makes  albeit  difficult  dosimetric  analysis  more  complex. 
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Abstract 

The  development  of  mathematical  dosimetry  modeling  techniques  and  powerful  computer  hardware  has 
resulted  in  dosimetry  modeling  as  a  principle  tool  in  determining  EMF  exposure.  The  results  of  any  anatomical 
model  are  questionable  if  the  model  has  not  been  validated  with  empirical  data  obtained  from  in  vivo  or  in  vitro 
experiments.  Validation  of  the  theoretical  with  empirical  results  and  the  subsequent  refining  of  a  model  are 
essential  in  order  to  earn  the  credibility  when  using  these  models  to  establish  or  revise  exposure  standards.  The 
increasing  acceptance  and  use  of  FDTD  modeling  within  the  EMF  community  make  it  imperative  that 
predictions  be  compared,  and  validated  against  experimental  data.  With  the  development  of  the  Finite-Difference 
Time-Domain  (FDTD)  code,  it  is  possible  to  predict  whole  body  and  localized  SAR  values  under  a  wide  range  of 
exposure  conditions  in  phantoms  and  laboratory  animals,  as  well  as  humans. 

In  the  past,  FDTD  predictions  have  been  validated  mainly  for  very  simplistic  geometric  models.  For  far- 
field  sources,  simulation  results  have  been  compared  with  analytical  results  for  square  [Umashakar  and  Taflove, 
1982],  cylinders  [Furse  et  al.,  1990],  spheres  [Gandhi  et  ah,  1992;  Gandhi  et  ah,  1999],  and  plates  [Taflove  et  ah, 
1985],  Calculations  of  currents  induced  in  a  standing  human  have  compared  well  with  empirical  data  [Furse  et 
ah,  1997],  For  near-field  sources,  simulation  results  have  been  compared  with  analytical,  measured  or  method  of 
moment  results  for  dipole  antennas  in  front  of  layered  half-spaces,  layered  boxes  and  homogeneous  spheres 
[Furse  and  Gandhi,  1998].  In  addition,  the  FDTD  method  has  been  validated  for  near-field  testing  of  realistic 
cellular  telephones  next  to  the  human  head  [Dimbylow  and  Mann,  1994;  Gandhi  and  Chen,  1995].  Agreement 
between  FDTD  code  and  experimental  results  (e.g.  E-field  measurements  on  simplistic  canonical  geometries 
such  as  box  or  sphere  filled  with  tissue  equivalent  material)  was  excellent  and  generally  within  ±20  %  (±1  dB) 
[Gandhi  et  ah,  1999].  However,  little  direct  comparison  of  empirical  data  obtained  by  actual  type  of  organism 
with  SAR  values  predicted  by  FDTD  modeling  exists  in  the  published  literature  [Walters  et  ah,  2000;  Mason  et 
ah,  2000], 

In  this  paper,  we  report  on  the  use  of  the  convergent  technologies  to  validate  the  use  of  computational 
codes  to  predict  SAR  values  in  both,  simplistic  models  (spheres)  and  actual  biological  organisms.  Since 
experimental  validation  requires  the  implantation  of  thermal  or  e-field  probes,  it  is  not  feasible  to  perform  such 
studies  in  human  subjects,  therefore  laboratory  animals  and  phantoms  were  used.  The  brain  of  the  rat  offers  an 
ideal  organ  for  comparison,  due  to  the  reliability  of  stereotaxic  probe  placement,  as  well  as  the  ability  to  easily 
confirm  probe  placements  in  tissue  sections  following  experimentation  [Walters  et  ah,  1998]. 

Our  predicted  SAR  values  obtained  by  computer  models  based  on  FDTD  code  of  spheres  and  Sprague- 
Dawley  rat  were  compared  to  temperature  measurements  made  with  implanted  probes  and  infrared 
thermography  model  [Gajsek  et  ah,  2001]. 
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The  SAR  values  were  determined  thermally.  Irradiation  was  performed  at  a  high  exposure  level  (above 
700  mW/cm2)  and  short  exposure  duration  (30  seconds)  to  produce  a  measurable  linear  temperature  rise.  This 
was  done  to  allow  accurate  quantification  of  the  rate  of  temperature  rise  in  the  absence  of  any  significant 
thermoregulatory  effects.  Good  correlation  between  the  predicted  and  empirical  phantom  and  animal  data  would 
provide  increased  confidence  in  the  results  predicted  by  the  man  model  [Mason  et  al.,  2000]. 
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In  our  modem  society  technology  and  simultaneously  electronics  play  an  important  role.  It  is  almost  impossible 
to  avoid  electromagnetic  field  exposure.  When  evaluation  the  human  body  field  exposure  the  always  occurring 
problem  is:  How  to  measure  it.  Most  of  the  time  it  can’t  be  measure  in  vivo.  Thus,  the  interaction  of 
electromagnetic  fields  and  biological  tissues  is  a  topic  of  intense  research.  Therefore,  3D  numerical  EM 
simulations  have  been  established  as  tool  to  analyse  the  effect  of  the  electromagnetic  fields  caused  by  the 
environment  on  human  beings.  This  effect  is  usually  described  by  the  Specific  Absorption  Rate  (SAR). 

The  software  package  CST  STUDIO  SUITE™  is  a  specialised  tool  for  evaluating  3D  electromagnetic  fields, 
which  is  based  on  the  Finite  Integration  Technique  (FIT).  The  software  package  offers  the  possibility  to  import 
data  obtained  by  medical  imaging.  With  this  voxel  import  the  characteristics  of  the  biological  tissues  are 
translated  in  material  information  used  by  the  simulation  software  to  evaluate  the  electric  and  magnetic  fields. 
Based  on  electric  and  magnetic  field,  the  specific  absorption  rate  can  be  calculated  using  a  mass  averaging 
approach  compliant  to  the  IEEE  C95.3  standard.  Alternatively,  own  procedures  are  offered  that  show  improved 
consistency  for  structure  rotations. 

In  this  talk  first  of  all  the  Finite  Integration  Technique  fundamentals  are  described.  Furthermore  the  simulation 
work  flow  within  the  software  package  is  shown.  Finally  several  examples  concerning  SAR  calculations  are 
shown 
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Abstract-  There  has  been  numerous  evidence  that  exposure  to  extremely  low  frequency  magnetic  and 
electric  fields  can  produce  biological  effects.  Many  of  these  effects  are  not  clearly  understood  so  far. 
Most  of  these  researches  emphasize  on  power  frequency  (50  or  60Hz)  and  the  biological  effects  at 
these  frequencies.  The  following  paper  attempts  to  describe  the  current  researches  toward  emphasizing 
the  effects  in  the  Extremely  Low  Frequency  (ELF)  range.  Lab  experiments  regarding  biological  effects 
of  ELF  fields  have  been  shown  in  various  organs  and  the  results  have  been  discussed.  There  is 
presently  no  clear  and  convincing  evidence  from  animal  or  cellular  studies  that  demonstrates  harmful 
effects  of  EMF.  There  are,  however,  some  studies  that  are  suggestive  of  potential  health  impacts.  From 
the  perspective  of  laboratory  studies,  this  presentation  will  discuss  biological  responses  to  extremely 
low  frequency  electric  and  magnetic  field  exposures. 


Introduction 

With  the  ongoing  advancement  in  electrical  and  electronic  devices  the  odds  of  exposure  to  electrical 
and  magnetic  fields  have  raised  dramatically.  More  and  more  people  are  exposed  to  electrical  and 
magnetic  fields  daily.  Therefore  the  need  to  understanding  the  effect  that  these  fields  have  on  the 
human  body  is  significantly  important.  One  of  the  areas  that  are  often  neglected  is  in  the  Extremely  low 
Frequency  Range  (up  to  300Hz).  At  the  frequencies  this  low,  the  wavelength  in  air  is  very  long 
(6000km  at  50  Hz  and  5000Km  at  60Hz)  The  only  area  within  this  range  that  is  on  the  main  focus  is 
the  power  frequency  (50Hz  or  60Hz)  Since  it  is  the  widely  found  frequency  in  the  environment.  This 
paper  tries  to  summarize  the  effect  on  the  ELF  range  without  focusing  on  any  special  frequency. 
Biological  effects  may  sometimes  lead  to  adverse  health  effects.  Biological  effect  is  when  exposure  to 
an  electromagnetic  field  produces  a  noticeable  or  detectable  change  in  a  biological  system.  An  adverse 
health  effect  occurs  when  the  biological  effect  is  outside  the  normal  range  for  the  body  to  compensate 
and  thus  leads  to  some  detrimental  health  conditions.  [1],  [9],  [13] 

The  primary  mechanism  of  interaction  between  elf  fields  and  biological  system  is  in  the  induction  of 
electrical  charge  and  current. 

ELF  electric  fields  exist  whenever  a  voltage  is  present  regardless  of  the  current  flowing.  Almost  none 
of  the  electric  field  penetrates  into  the  human  body.  On  the  other  hand  ELF  magnetic  fields  exist 
whenever  a  current  is  flowing.  They  can  easily  penetrate  into  the  human  body.  [1],  [9] 

Circulatory  System 
Heart 

There  have  been  some  studies  suggesting  that  exposure  to  ELF  electric  and  magnetic  fields  decreases 
heart  rate  [3],  While  this  studies  report  this  incident,  they  often  characterize  it  as  temporary  and  within 
the  normal  physiological  variation.  The  boundary  for  this  effect  is  reported  as  low  as  0.1pA/cm2.[3] 
There  have  been  reports  of  effect  on  the  blood  pressure.  Heart  rate  and  electrocardiograph  waveform 
but  these  studies  are  limited  by  uncertainties  regarding  exposure  duration  and  subsequent  control 
group. [3],  [4],  [5], 

Endocrine  system 
Melatonin 
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Some  studies  suggest  that  exposure  to  ELF  fields  may  suppress  secretion  of  melatonin,  a  hormone 
related  to  human  day-night  rhythm  [1],  [6],  It  has  been  suggested  that  melatonin  is  effective  in  the 
prevention  of  breast  cancer  and  therefore  suppressing  it  will  result  in  an  increased  incident  of  breast 
cancer.  Although  there  is  some  evidence  in  laboratory  animals,  human  volunteer  studies  have  not 
confirmed  this  report.  [1],  [7],  [8] 

Musculoskeletal  System 
Bone  growth  and  fracture  repair 

Electrical  and  magnetic  stimulation  have  been  known  to  have  effect  on  bone  fracture  repair  since  1970. 
The  mechanism  which  enables  these  fields  to  increase  new  bone  formation  is  still  not  known.  Effect  of 
pulsed  EMF  on  fracture  healing  have  been  proven  in  numerous  clinical  studies  on  human  and  animal 
subjects. [10], [1 1]  However  the  mechanism  that  this  interaction  takes  place  is  not  clearly  known  so  far. 
Some  studies  suggest  that  EMF  can  increase  the  secretion  of  growth  hormone  IGF-I  and  IGF-II  and 
therefore  increase  the  healing  rate.  [12],  [14],  [15] 

Nervous  System 
Behavior 

Many  studies  have  been  done  to  demonstrate  the  effect  of  elf  magnetic  and  electric  field  on  human  and 
animal  behavior  Since  nervous  system  plays  a  major  role  in  function  of  all  the  body  and  since  many  of 
the  nervous  signals  communicate  in  a  form  of  electrical  signal  it  can  be  predicted  that  the  elf  could  alter 
the  behavior. 

There  has  been  numerous  studies  showing  the  effect  of  E  field  on  animals  such  as  rats,  mice,  pigs  and 
birds. [16]  Most  animals  try  to  avoid  exposure  to  E  fields  over  50-75kV/m.  The  exposure  to  B  field 
shows  little  evidence  on  animal  behavior  in  general.  [13],  [14] 

In  humans  a  phenomena  known  as  phosphene  is  reported  in  the  B  fields  as  low  as  20  mT.  [13],  [19] 


Reproductive  System 

It  is  known  that  the  developing  system  is  more  prone  to  various  environmental  hazards.  Therefore  it  is 
assumed  that  a  developing  system  is  more  sensitive  in  response  to  electrical  and  magnetic  fields. 
Studies  have  been  done  mostly  on  animals  such  as  chicken,  rats  and  rabbits.  Few  studies  have  been 
done  on  human  growing  organisms  such  as  hair  follicles.  [13],  [16],  [17] 

Immune  System 
Cancer  and  Mutation 

The  EMF  effects  on  promoting  cancer  have  been  studied  more  than  anything  else.  However  few  life 
long  studies  have  been  reported.  There  have  been  some  studies  on  the  effect  of  50  or  60  Hz  B  field  on 
the  male  and  female  rats  which  showed  that  although  the  B  field  can  increase  the  carcinogenic  activity 
it  is  not  effect  is  not  significant. 

Evidence  of  effect  of  ELF  B  and  E  fields  on  the  DNA  breaking  and  tumor  initiation  has  been  minimal. 
Since  these  frequencies  do  not  possess  enough  energy  to  break  bonds  between  molecules  and  damage 
DNA.  [14],  [15] 

Summary 

The  health  effects  of  extremely  low  frequency  EMF  still  remains  a  controversial  subject  as  the 
mechanism  of  interaction  is  not  yet  known.  The  biggest  issue  in  various  experiments  regarding  these 
fields  is  the  lack  of  reproducibility  of  different  outcomes.  This  will  be  the  case  until  the  clear 
mechanism  of  interaction  between  living  systems  and  electric  and  magnetic  fields 
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